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1. Purpose

The purpose of this Engineer Technical Letter (ETL) isto provide guidance on ground improvement for
USACE civil works and military programs projects. The enclosed document (Appendix A) contains an up-
to-date overview of ground improvement techniques and related considerations. It addresses general
evaluation of site and soil conditions, selection of improvement methods, preliminary cost estimating,
design, construction, and performance evaluation for ground improvement. This document should be used
as aresource during planning, design, and construction for new projects as well as areference to guide
more detailed design efforts for modification of our aging inventory of existing projects, particularly
embankment dams. The use of such state-of-the-practice techniques is in keeping with good engineering
practice and provides better service to our customersin concert with the USACE Strategic Vision.

2. Applicability

ThisETL appliesto all USACE Commands having civil works and military programs responsibilities.

3. Distribution

Approved for public release, distribution is unlimited.

4. Background

Ground improvement, in the context of this guidance, is the modification of existing site
foundation soils or project earth structures to provide better performance under design and/or
operational loading conditions. Ground improvement techniques are used increasingly for new
projects to allow utilization of sites with poor subsurface conditions and to allow design and
construction of needed projects despite poor subsurface conditions which formerly would have
rendered the project economically unjustifiable or technically not feasible. More importantly, such
technigues are used to permit continued safe and efficient operation of existing projects
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when mgjor deficiencies become evident or where existing projects are likely to be subjected to
loads greater than original design or as-built capabilities.

T

CARL F. ENSON
Chief, Engineering Division
Directorate of Civil Works

FOR THE COMMANDER:
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INTRODUCTION

The purpose of this document is to provide engineering guidelines for ground improve-

.S. Army Corps of Engineers’ structures and facilities. It includes essential
d

waterways, structures and tanks, dredged
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structures.

The focus of the document is on practical application of recent and rapidly developing
methods of ground improvement. Ground improvement for both new and existing structures

nd facilities is considered. Ground modification for seismic remediation and for co

vel of improvement needed, the magnitude of improvement attainable b

necessary, the I
different methods, the required depth and areal extent of treatment, configuration of treatment

zones, and methods for assessing the effectiveness of treatment. Methods for analysis of
d

as a separate category because, while they are similar in some ways to dams, many levees
have been constructed of poor quality materials, without careful design or construction

control, and in stages over long periods of time.
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Although this document contains recommendations, flow charts, and suggested proce-
dures, it is not intended to be a design manual. Rather, its purposes are to identify key
considerations for use of ground improvement, to suggest logical paths forward in a proj-
N B RS S IR, amiieman of usefu

ect, to provide guidance for design and construction, and to identify sources o

formation.



Table 1 - Potential Applications Of Ground Improvement Methods In Structures

Type Of Facility

Component

Potential Application

Embankment
Dams

Dam

Increase resistance to liquefaction, cracking, deformation and/or
differential settlement

Mitigate effects of excess deformation or differential settlement

Improve seepage barriers

Reduce settlement

Strengthen andjor seai interface between embankment and foundation or
abutments

Stabilize dispersive clays

Increase erosion resistance to overtopping

Abutments

Reduce movements due to seismic activity
Reduce or eliminate seepage through joints or cracks in abutments
Strengthen and/or seal interface between abutment and embankment

Foundation

Increase resistance to liquefaction

Reduce movements due to settlement, solution cavities or seismic activity
Reduce settlement

Improve seepage barriers

Stabhilize collansinag or exnansive soils

NIRCUAN T 1A vvuurlu b~ ] ™~ IV W

Strengthen and/or seal interface between embankment and foundation

Levees

Levee

Increase resistance to liquefaction, cracking, deformation and/or
differential settlement

Improve seepage barriers

Reduce settlement

Stabilize dispersive clays

Foundation

Increase resistance to liquefaction

Reduce settiement

Improve seepage barriers

Stabilize dispersive, collapsing, or expansive soils

S8L-1-0L11 113
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Table 1 (cont.) - Potential Applications Of Ground Improvement Methods In Structures

Type Of Facility Component Potential Application
Concrete or Abutments Reduce movements due to seismic activity
Masonry Dams , Reduce leakage through joints or cracks
Foundation e Increase liquefaction resistance
e Reduce movements due to consolidation settlement, solution cavities or
caiemin artivity
SIviiIInw GULIVI[’
Improve seepage barriers
: o Stabilize dispersive, collapsing, or expansive soils
Appurtenant Spiliway improving erosion resistance of dam to overtopping
Structures to e Increase resistance to erosion or undermining of spillway
Dams Outlet Works o Stabilize the foundation for gates, valves or hoists that have experienced
differential settlement
e Seal leaking conduits, reduce piping along conduits
Stilling Basin. e _Increase erosion resistance
Piping o Limit differential settlement to prevent joint separation, structural cracking
and/or piping
Locks Chamber ¢ Increase resistance to liquefaction, cracking, deformation and/or

differential settlement

In support of reducing leakage through cracks

In support of reducing seepage to decrease water losses during periods
of low water

Reduce movement due to settlement, solution cavities or seismic activity

Increase resistance to I|m uefaction

1IN W

Reduce movement due to settlement, solution cavities or seismic activity
Reduce settlement

66 a°4 J
S81-1-0L11 113



Table 1 (cont.) - Pote

ntial Applications Of Ground Improvement Methods In Structures

Type Of Facility

Component

Potential Application

Locks Gates and Valves ¢ Stabilize the foundation for gates, valves or hoists that have experienced
differential settlement
« In support of sealing leaking conduits, reducing piping along conduits
Waterways Canals, Lock o Stabilize expansive soils, collapsing soils or dispersive clays
Approach or Flood |e Disposal and containment of dredged material
Control Channels o Improve stability of slopes
o Linings of stabilized soil
Harbors o Disposal and containment of dredged material
o Improve stability of underwater slopes
¢ Provide support and stability for quay walls
o Prevent lateral spreading
e Improve stability of breakwaters and their foundations
Other Structures | Shallow e Increase resistance to liquefaction
(Bulldlngs Foundations ¢ Increase resistance to cracking, deformation and/or differential settlement
Walls, Tanks) (Footings, Mats) ¢ Reduce movement due to settlement, solution cavities or seismic activity
« Stabilization of collapsing or expansive soils
Deep Foundations | e Increase resistance to liquefaction to prevent loss of lateral support
(Piles, Piers, during seismic activity
Caissons)
Underground Tanks | e Increase resistance to liquefaction to minimize loss of support or flotation
of tanks
Dredged Material | Containment e Consolidation of compressible strata beneath containment area
Disposal Structure ¢ Improve properties of poor foundation materials
¢ Reduce settlement of containment dikes
®

Provide containment barriers for pollutants

Sgi-1-0L11 113
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CHAPTER 2
IS GROUND IMPROVEMENT NECESSARY?

A number of analyses and decisions may be required to determine if ground improvement
is necessary. A series of flow charts to aid in this process are listed in Table 2 and in-
cluded as Figures 1 through 26. Each level of analysis, which is represented by a single
chart or a series of charts, requires progressively more detailed information. Figure 1
shows the overall evaluation process necessary to assess the need for ground improvement
for a facility. Figure 2 can be used for a preliminary evaluation of site conditions and de-
sign/performance requirements. If, based on the results of the preliminary evaluation,
more detailed analyses are required, Figures 3 through 8 are used. These charts include
evaluations for difficult soils, liquefaction potential, slope stability, bearing capacity and
settlement, and seepage instability. “Difficult soils” include collapsing soils, expansive
soils, sensitive clays and dispersive clays. These soil types are discussed below under the
heading “Difficult Soils Evaluation.” The evaluations for difficult soils, bearing capacity

and settlement, and seepage instability are complete after this step.

A further level of analysis could be required for liquefaction and slope stability evalua-
tions. These analyses are performed to estimate deformations for situations where the
factor of safety is inadequate. The steps necessary for gross deformation estimates are
shown in Figures 9 and 10, while the procedure for refined deformation estimates is shown
in Figure 11. Methods for determination of the properties and parameters listed in Figures

2 through 11 are described in Figures 12 through 26.
Preliminary Evaluation

The preliminary evaluation (Figure 2) can be performed for new or existing facilities. For

the preliminary evaluation, project performance requirements need definition and site
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characterization must be completed. The project performance requirements that pertain to
the potential need for ground improvement include loading conditions and allowable de-
formations for the facility, as well as an assessment of the impacts of natural hazards, such
as floods, earthquakes or hurricanes, and the performance required during these events.
For a new facility, the performance requirements should be determined during the early
stages of analysis and design. For an existing facility, the performance requirements may
be the result of an upgrade in the facility or deficiencies requiring remedial work to im-
prove performance during a flood or an earthquake. In addition, re-evaluations of haz-
ards, such as earthquake magnitude, peak flood and sustained wind velocity, often lead to

increased demands on structures and facilities so that retrofitting is required.

The site characterization step includes investigations to evaluate the soil profile, ground
water levels and soil properties. New projects will likely require a detailed geotechnical
investigation or series of investigations to obtain the information necessary to make
ground improvement decisions. Guidelines for planning these studies are presented in EM
1110-1-1804, Geotechnical Investigations. The geotechnical investigations can be per-
formed in stages, beginning with a preliminary subsurface investigation and proceeding to

more detailed investigations as more specific and detailed information is required.

At existing facilities, old records, such as geotechnical investigation reports and boring
logs, may provide sufficient information to make decisions regarding the need for ground
improvement. However, it is likely that supplemental information or investigations will be
necessary. Additional geotechnical investigations should be performed in accordance with

EM 1110-1-1804.

All available information should be used to aid in the decision-making process. Regional
geologic references can be consulted for general information about the soil composition,
fabric and structure. Experience with similar soils or nearby sites can be used to provide
guidance regarding the performance of a soil and the need for ground improvement.

Boring log data from adjacent properties can provide information about the stratigraphy
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and ground water conditions in the immediate vicinity of the site. Assessment methods for

design/performance requirements and subsurface conditions are presented in Figures 12

clay;
2. potential for liquefaction;
r ~1 >

3. potential for slope instability;
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5. potential for excess seepage, high uplift pressures, or erosion and piping.

The flow chart in Figure 2 requires a “Yes” or “No” answer for each of the five items
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iisted above. If the answer to one or more of the decisions is xes * then an additional
evaluation for each item with a “Yes” response should be performed before a decision can

be made regarding the need -for ground improvement (or aiternative corrective action).
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change in collapsing soils, soil composition is the usual culprit in expansive soils. Most

Sensitive clays lose undrained strength when remolded. Sensitivity can be formed by a
variety of factors, including metastable fabric, cementation, leaching, weathering, thixo-
tropic hardening, and formation or addition of dispersing agents. Dispersive clays are

5

highly erodible because the clay particle associations are structuraily unstabie and easily

disnersed. T
spersed. 1

)
(4

suspension in quiet water.
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methods for soil state parameters are shown in Figure 17. If difficult so

site, the need for remedial action depends on the type of facility under consideration. Dis-

and levees because they can initiate erosion and piping

through the embankment or foundation that may lead to failure. Numerous canals in the
west and southwest are constructed in collapsing soils or dispersive clay. Sensitive clays
can be a concern for natural slopes. Collansing and exnansive soils mav be more of a con-
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cern for structures with footings that could be exposed to water. Engineering judgment is
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required.

Liquefaction Evaluation

Loose, saturated sands are susceptible to liquefaction or lateral spreading if subjected to

O



spreading, and/or loss of foundation support. The potential liquefaction hazards at a site

can be evaluated by considering the foliowing questions:
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Is the soil susceptible to liquefaction?
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evaluate the liquefaction potential, which will address the second question. If the factor of

safety against liquefaction is above 1.5 and the anticipated settiement is iess than haif the
allowable amount, ground improvement is not required and the liquefaction analysis is

anticipated

The gross deformation estimates involve calculations to determine a bearing capacity fac-

tor of safetv and the amount of settlem

........... y and the amoun ettlement and lateral deformation anticipated. If the

bearing capacity safety factor is greater than 1.2, and the anticipated settlement and lateral
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probably be too high. Ground improvement or other mitigation methods will be required.

For major projects, if the resuits are between these limits, a refined deformation estimate

may be warranted before ground improvement decisions can be made. The parameter as-

10
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sessment methods required for the gross deformation estimates are summarized in Figure
22,

The refined deformation estimates require that settlement and lateral spreading be calcu-
lated using a dynamic deformation analysis. Figure 11 is a flowchart which outlines the
steps necessary for a refined deformation analysis. Assessment methods for the parame-
ters necessary for the refined deformation estimates are shown in Figures 24 through 26.
If the results of the deformation analysis indicate that the anticipated lateral deformation or
settlement are more than two-thirds the allowable, ground improvement or other mitiga-
tion methods will be required. Otherwise, ground improvement is not required. The lig-

uefaction analysis is complete after this step.
Stability Evaluation

For dams, levees and slopes, stability evaluations will usually be required. The most
common method for stability evaluation is a limit equilibrium analysis. Factors which must
be considered in the analysis include static loading conditions, earthquake loading, soil and
rock parameters, and site conditions. Figure 6 is a flowchart which outlines the factors
and parameters required to perform a limit equilibrium stability analysis. Limit equilibrium
slope stability analysis are discussed in EM-1110-2-1902, Stability of Earth and Rockfill
Dams. Methods for assessing the parameters necessary for slope stability analyses are dis-

cussed in that manual. Parameter assessment methods are also summarized in Figure 20.

If the site is located in a seismically active area, a pseudostatic limit equilibrium analysis is
the simplest and usually the first type of analysis used to consider the effects of seismi-
cally-induced motions. In a 'pseudostatic analysis, the earthquake shaking is represented
by horizontal and vertical inertial forces applied at the centroid of the failure mass
(Kramer, 1996). These forces, called pseudostatic forces, are calculated by multiplying
the weight of the failure mass by vertical and horizontal pseudostatic coefficients. The

effect of the pseudostatic forces on the factor of safety is then determined in a limit equi-

11
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librium analysis. If the analysis results in a pseudostatic factor of safety less than that re-
quired for the particular facility, which is often 1.0, the slope is considered to be unstable.
The vertical inertial forces usually have a negligible effect on the calculated factor of safety

and are often ignored in the analysis.

The most important factor in performing a pseudostatic analysis is selection of the appro-
priate pseudostatic coefficient. The selection of the coefficient should be related to the
anticipated ground motion in some way, because it controls the additional force applied to
the failure mass. The value .selected is often significantly less than the peak acceleration
for two reasons. First, the duration of the peak acceleration is usually short. Also, apply-
ing an inertial force equal to the product of the horizontal acceleration and the potential
sliding mass would be appropriate only for a rigid material. Since the slope can deform

under earthquake loading, the applied force will be smaller than this (Kramer, 1996).

In selecting a pseudostatic coefficient for design, Kramer (1996) recommends that the
coefficient correspond to some fraction of the anticipated peak acceleration. Since the
pseudostatic method was first used, many studies have been performed to evaluate appro-
priate values for the pseudostatic coefficient (e.g. Terzaghi, 1950, Seed, 1979a, Marcu-
son, 1981). Several of these studies are reviewed in Kramer (1996).

Hynes-Griffin and Franklin (1984) applied the Newmark sliding block analysis (Newmark,
1965) to over 350 accelerograms to predict permanent deformations using a yield accel-
eration and assuming a rigid slope material. The yield acceleration depends on the soil
properties and the geometry of the slope. When the induced acceleration is greater than
the yield acceleration, permanent deformation occurs along the failure plane. Hynes-
Griffin and Franklin (1984) determined that “dangerously large” deformations would not
develop in earth dams if the pseudostatic factors of safety is greater than 1.0 using k,= 0.5
am/g. Kramer (1996) suggests that this criterion should be appropriate for most slopes,

although engineering judgment is necessary in all cases.

12
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If the factor of safety is found to be inadequate using the pseudostatic method, a detailed
deformation analysis is required. A simplified method for estimating earthquake—induced

deformations for dams and embankments wags de
ations Ior dgar a emb fs was de

AL ALk a4 lnu u 41

eloped by Makdisi and Seed (1978).

VJ AVAWIVNNSR Ul l\-l ~ I
The method is based on the Newmark sliding block analysis, but accounts for the dynamic

behavior of the emhankment rather than assuming ngic_i body beh
makes several simplifying assumptions, including: (1) failure occurs on a well-defined slip
surface, (2) the soil behaves elastically at stress levels below failure, and (3) the soil be-
haves plastically at stress levels above the yield stress. The earthquake-induced accelera-
tions are represented by average time histories calculated using dynamic response analy-

Ses.

The factors and parameters required to perform gross deformation estimates by the Mak-

disi-Seed method are outlined in Figure 10. The earthquake parameters required for the

nmaliraia ara chawm in Fignra 18 whila tha enil naramatare ramiirad are chnumn in Fioure
aualybm C onv i1 11 1L lsulc 1J, WILHIV UIV OVl PaiGiliVivio IVH{ULIVE QGiVv OlUYVIL il 2 apui v
23. Note that the procedure was developed for dams and embankments. Therefore, if it is

nead far nthar tvnac af clanac tha recnlte chnnld he intearnrated with caution
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If the results of the gross deformation analysis indicate that the anticipated displacement is

tolerable, ground improvement is not required and the stability analysis is complete.
However, if the anticipated displacement is greater than the allowable displacement, a re-
fined deformation analysis will be required before ground improvement decisions can be
made. The procedure for performing a refined deformation analysis was discussed above

under the heading “Liquefaction Evaluation.”
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able remedial measure. The procedures for the bearin

are outlined in Figure 7. The parameter assessment m

are summarized in Figure 20.

outlines the factors and parameters necessary to perform the seepage evaluation. Assess-
ment methods for the factors and parameters listed in Figure 8 are summarized in Figure
21

14
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Table 2 - Flow Charts for Determination of the Need for Ground Improvement

Figure Title Page

1 Evaluation of Site Conditions and Design/Performance 17
Reguirements to Assess Need for Ground Improvement

2 Preliminary Evaluation of Site. Conditions and Design/Performance 18
Requirements

3 Difficult Soils Evaluation — Collapsing or Expansive Soils 20

4 Difficult Soils Evaluation — Sensitive or Dispersive Clay 21

5 Evaluation of Liquefaction Potential 22

6 Slope Stability Evaluation 24

7 Bearing Capacity and Settlement Evaluation 25

8 Seepage Evaluation 26

9 Evaluation of Liquefaction Potential — Gross Deformation Estimates 27

10 Slope Stability Evaluation — Gross Deformation Estimates 29

11 Refined Deformation Estimates for Liquefaction and Slope Stability 30
Evaluations

12 Assessment Methods for Soil Classification and Experience 32
Parameters for Preliminary Evaluation of Site Conditions and
Design/Performance Requirements

13 Assessment Methods for Boundary Condition Parameters for 33
Preliminary Evaluation of Site Conditions and Design/Performance
Requirements

14 | Assessment Methods for Loading Conditions and Settlement 34
Parameters for Preliminary Evaluation of Site Conditions and

_ Design/Performance Requirements

15 Assessment Methods for Earthquake Characteristic Parameters for 35
Preliminary Evaluation of Site Conditions and Design/Performance
Requirements

16 Assessment Methods for Flood Parameters for Preliminary 36
Evaluation of Site Conditions and Design/Performance
Requirements

17 Assessment Methods for Soil State Parameters for Difficult Soils, 37
Slope Stability, and Seepage Evaluations

18 Assessment Methods for Earthquake Loading and Liquefaction 38
Resistance Parameters for Evaluation of Liquefaction Potential

19 Assessment Methods for Strength Properties for Slope Stability and 39
Bearing Capacity Evaluation

20 Parameter Assessment Methods for Slope Stability, Bearing 40
Capacity and Settlement Evaluations

21 Parameter Assessment Methods for Seepage Evaluation 41

22 Parameter Assessment Methods for Evaluation of Liquefaction 42
Potential - Gross Deformation Estimates

15



[

On)

™)
<

xr
<r

)
<

<

Improvement

uations

Assessment Methods for Stiffness and Recompression Properties
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ETL 1i10-i-185
1 Feb 99
PRELIMINARY EVALUATION OF SITE
CONDITIONS AND DESIGN/PERFORMANCE
REQUIREMENTS
v Y A \ 4
DIFFICULT EVALUATION OF | |
SOILS LIQUEFACTION STABILITY | | BEARING CAPACITY AND | | SEEPAGE
EVALUATION POTENTIAL EVALUATION SETTLEMENT EVALUATION EVALUATION
A 4 A 4
A
GROSS
DEFORMATION
ESTIMATES
REFINED
DEFORMATION
ESTIMATES
- 1L A A

od
.

FIGURE 1 Evaluation of Site Conditions

Ve ~N
( STOP )
. J

_H%4® . .

Requirements to Assess Need
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ETL1110-1-185
A F.L. OO
i rep g9y
/ Are there conditions present
——-\where ground improvement mig'nt}-——
\_ be required? -
h 4 A
Subsurface Design/
Conditions Performance
Requirements
| greppe——
| FACTORS |
Y Y. Y A 4 A 4 ]'v
Boundary Loading Settiement Resistance
Classification Experience Conditions Conditions Limits t¢.>. Natural
Hazaras
II\A e A l.l-"'I-I'll'\i l
|[PARAME TERD |
y y h h 4 A y
-Plasticity -Past -Soil stratigraphy | |-Static loading | | -Total Flood
-Grain size performance -Presence of low/ -Dynamic settiement parameters
-Geology and known high permeability | | loading -Differential -Earthquake
properties of layers seftiement parameters
soil -Groundwater -Cther hazard
levels parameters
-Geometry T
! l NALYSIS l

-Deatermine soil NM< ueinn

classification charts
-Review and evaluate available
performance data
-Compute anticipated design and
performance behavior for specific
site conditions

Y

A 4

A

-Compare design and
performance requirements
to anticipated design and
performance behavior for

specific site conditions

Notes:

N

P

TN
A there evidence ON vee

/ expansive soll, collapsing \‘ "‘°|

SOH, sensitive ciay or
disnersive clav?

\"""‘ o _/

NO

evaluation

4
<

'

]
YONTINLE/

NS

1. Assessment methods for parameters are given in Figures 12 through 16.

FIGURE 2 Preiiminary Evaiuation of Site Conditions and
Design/Performance Requirements
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Evaluate 1.

1

(CONTINUE/
\]/
¥
/\
is the site sascepﬁ%

quuefacﬁon ?

\' """""" /
\/

]I\IQ

%

Is the site

stability

YES

>4 liquefaction

Evaluate

potential

---------- -y

T
P

Is the site susceptible

Evaiuate

eAONANO “—/

SSerSn~

conditions

YES

»< to bearing capacity or
\

settlement p.rgb!emy/ ' capacity and

~_ _—
Te
N

is the site N

enernantihla ¢tn eaa

YES

...... Py

bearing

settiement

SUSLSpumie W o‘.‘.page -
\ problems? /

FIGURE 2 continued
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Is there evidence of

Qoiiapsing or expansive soii’?/

|

1
| L 4
| Coliapsing Soi |

y

1 + 1
| Expansive Soil |

‘—1

-Soil structure | FACTORS l
-Grain size [
\ 4
-Soil state, i.e | PARAMETERS |
density, void ratio'
-Plasticity

y

-Determine void ratio needed to |
hold liquid limit water content |

Natarmina cnllanea natantial (0
=LSWECTMNIINT CORapsSe plidnua v I

per Clemence and Finbarr, 1981

| ANALYSIS |

|
/\
/ voud rat!o
larger than NO / Ground \

-Composmonal factors: types of minerals &

cauons, amount of each mlneral snape & size
distribution of particles, nore water

.............. SS9 V0 LA=185

composition
-Enwronmental factors water content. density,

DU"IIIIIIIQ PICOOUIG, u:mpelatuu:, IdDHC
availability of water

|
L 4
-Plasticity
-Percent clay
-Activity’
-Sweilling/shrinkage potentiai

v
-Use simple correlations to determine if
there is potential for swelling’

1£ anil io moana ba swrallinme masf [

-1t SOii IS prone o sweiing, penorm sweu
tests on undisturbed samples with
appropriate conditions of confinement and
water chemistry

|
/\
o N

12 uiete
<widence that the soi>

< imit water content of does, >——*|improvementle
\ CP suggest / \“Ot required/
: llapsible
%ﬁ:‘y

Is

N P H Y
llle Idhll“-y

susceptible to

e "~ NO [ Ground \

is expansive?

\/

YES 1

L
5..5.. TH E.\

O 7 susceptibleto

damage due to / ' ‘ 'Tn‘:riﬁ:?g‘:t , ¢ A damage due to

susceptible to

YES !

collapsin nolrequirec
I\!ES. { Ground \
' #{ improvement [«
\ required /
otes

no g

Arfnnht A= lDl:ehr:h: Indnv\llpnr

At ALY S AS vty viwaeng

@

FIGURE 3 Diffi

cult Soils

20

B e A o e cmimind o YR
ee rigure 17 17or assessment method

cent clay)
Percent clav. C= Percent by welqht of particles finer than 2 microns
Two correlations are discussed in Mitchell (1993), p 1

- £
S1

-~ LY PN - e~
L

- o~ f =~ o ~ba
T SOuI Stdl€ paranieers.
)

pp. 186-187

Evaluation - Collapsing or Expansive Soils




w0 0
w o

~ N
( Is there evidence of sensitive 3

\_ clay or dispersive clay? V4
v | ‘
: 4 . 4
| P iz ~ - . ~
| Sensitive Clay | Dispersive Ciay
¥ . 2
. . ?ACTORS -{:henicaumiﬁei'acug|u¢= wlllpvblu()ll
g:rtna:rt;:tl;:‘abnc l——-——l <Soil state, i.e. water content, density,
Weathering, leaching or ion exchange §t_ruct_uqe e e s s .
“Thixotropic hardening d -Eremistryut‘:f water to which clay will
-Formation or addition of dispersing agents 2€ eXposed

v ]

Sensitivity ' : | PARAMETERS | -Dispersivity
Sodium ausorpuon ratio (S R)

¥

A

-Evaluate sensitivity from{ | ANALYSIS | Evaluate dispersivity?
1. ‘.‘[‘“_f_“fr_‘f.d._ tmct I -Evaluate SAR and ESP?

2. vane shear test 1

T | X

Do th
/ i\ ﬁhoI: or 2rumb\

COmMpression west I
|

tests indicate unp\:umv‘
Y no [ Ground \ NO clay? N
IS Tnere eviaence
< that the clay Is >———————+]{improvementj¢—< OR

drovemen P
_sensitive? \(& readired \i“fé’!ﬁ‘liﬁt‘.‘l.’".,'&'i°,'§,‘§/
~ | KT R,
| \Is r-:sp > 2y
| Yes N

YEs |

" Is the facllity . : M\ ;:c;ii':v

susceptible to damage ™\ NO . l Irem Ground \ p / susceptlble to
H llll.-llv"v!ll\'ll‘ i d‘ t
\as a rest:!i ;)I :ensttive g '\ not required l \ dam:g:mt:le‘ (] /
wviayo 1 I {R-1 8 A
N - — \@

| YES ' / Ground \ YES l

:{ lmprovement

Ve
/
B

4
Q

<

2. Evaluate dispersivity from pinhole test (ASTM D 4647), SCS dispersion test (ASTM D 4221)
or crumb test (Sherard et al., 1976). Pinhole test is considered most reliable (Mitchell, 1993).

3. Evaluate SAR by chemical analysis of pore water. Calculate ESP from SAR (Mntchell 1993).

4. "No™ response appropriate if it appiies to aii resuits from dispersivity tests. Otherwise,

"Yes" respoiise appropiiate.

FIGURE 4 Difficult Soils Evaluation - Sensitive or Dispersive Clay

N
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ETL 1110-1-185
1 Feb 99
7~ What is the potential
for liquefaction?
FACTORS S
Earthquake Liquefaction resistance
loading of deposit
| PARAMETERS 1 v

- Maximum ground =
acceleration - Grain size
- Earthquake magnitude -8

ANALYSIS
v A 4
Evaluate cyclic stress ratio induced Eualiata runlin racictanca rafin
by earthquake csR using seed m VEAIWUALY U,UII tleJidtEiliwe lﬂilv,
(197gb} alulpll:lcd formula: el':se V:l‘ggitsP:C')fcf:ra’t?;nsshz'e’if‘
CSR =1 _Jo ' =0.85(a_Ja)No o ')r, y
7 FLes N
o~ (FLEERRISSR) ™\ No/~ Ground °\
NI i ovement
\Predicted settlement > 0.5D..? 7y_’\ m‘:r.-.....mm )

\ / N ysioaue -~ /

/ FL2>1.0 \ wnd/ Ground N\
AND/OR 7.8 improvement andl/or
Predicted settlement < 2D_,? >, foundation "mmmmu)
e required

\ / ~

Notes are on next sheet.

stimates of deformatloy

/ Proceed with gross \
\
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41 Ca
n1re
Assessment methods for parameters are given in Figure 18.
Evaluation of liquefaction resistance by CPT is generally preferred because
penetration data is nearly continuous with depth and more reliable. Obtain
SPT and CPT correlations with CRR from NCEER (1997) for clean sands.
Correct SPT and CPT correlations with CRR per NCEER (19897) for: fines
cantent, influence of thin soil layers, earthquake magnitudes different than
M = 7.5, vertical effective confining stress using Ko, and static horizontal
shear stress using Ka.
Shear wave velocity can be used as a supplemental method to SPT or CPT for
evaluating cyclic resistance ratio (CRR) per NCEER (1997).

Liquefaction resistance of gravelly soils should be evaluated per NCEER (1997).

The Becker Penetration Test (BPT) may be required for soils with high content
of gravel and cobbles.

1f naceihla cita enacific linuafartinn natantial curvag chould ha davalaonad and
n PU;“I"IF’ SiIve gpv\llll\' Il\'uﬁ!“\'tlvll P\ll"llilul WMI VYYD JIHIVUIWM Wy MU TWIVEEVLW iTw
used when no liguefaction ;esi_tance correlations are available for the soils

can be sampled (using specialized methods if necessary and possibie) using
cyclic CU triaxial or cyciic simpie shear tests.

“Na" resnonse annrnnrinfn if it annliac to haoth factar of cafetv and cettlameant
pvulov “v v"l IALYW W0 W “"pll"’ W WWLII TWMwLIWI W HMIWey WIIW Jwiviwiirwisy
criteria. "Yes" response appropriate if it applies to either or both criteria.

Deposits of cohesionless soils above groundwater (particularly those which
are loose) are also susceptuble to densification settlement durmg eartnquake

| P Y )

allul(iﬁg'. Estimated settiements of these ucpuaua SNnou
available methods (e.g. Tokimatsuand § Seed, 1987) and
mits

RV RITER I I Sssw vt w W swnasislArw W S Seemy &9

14
estimates for companson to acceptable settlement li

Dv,a is the allowable vertical movement (allowable settlement) of the
foundation determined by the structurai engineer.

if it applies to both factor of safety and settlemen

B ww e 1RSI T 2R3

" ” HPE
Yes" response appropriat

eifit
criteria. "No" response appropriate if it applies to either or both criteria.
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1 Feb 99
s the slope/dam factor oﬁ
manfabir addace ngd-a‘)
\ aﬂlct’ QAU W -2 /
| FACTORS I
] L I v
Earthquake et b e AT Soil/Rock _ Site
Loading otativ Lualiiiy Parameters Conditions
PADARETEDEl
l ARANIDICRNY l
- - - v
-Pseudostatic -Structural loads -Classification -Boundary conditions, i.e.
earthquake -Hydraulic loads -Strength Parameters groundwater levels, stratigraphy,
coefficient ~D0i 10aas -Soil state parameters, Le. geometry of slope/dam
Surcharge loads | | consolidation history, unit | |.Geologic conditions, i.e. geologic
weight, relative density structure & faulting, joints & joint
-Fill compaction systems, weathering, slickensides,
"hﬂ'ﬂ"“‘ﬁsﬁ% Le. relative evidence of Iaiiu.ii‘lg & landslides
compaction, water content -Rate of fill placement
f———3
| ANALYSIS |
v
Perform slope stability analyses for the following cases:
1. End of construction (EOC) o
2. Long term, steady state seepage (L.T)
3, Dnnid draw down ‘n‘gn\
4, Earthquake (EQ)
|
X No .
ISEQFS>1.07 > Makedeformation )
/ \ CouUlnates /
JYES
A Eocrs> 137N YES® - -
ISLTFS > 1.5? \__{Groun | improvemen \
IS RDD FS > 1.072_~" \.___Notrequired /A
‘ NO
( Ground improvement required
\
Notes:
1. Assessment methods for parameters are glven in Figures 19 and 20.
2. Based on EM-1110-2-1902 (Stabiiity of Earth and Rockfill Dams). Criteria may be different

for different projects,
3. "Yes" response appropriate if it applies to all criteria. “"No" response appropriate if it
applies to any criterion.



ETL 1110-1-18
1Feb 9
What are bearing capacity andw
settlement estimates?
|
1
FACTORS
Y
Static Dynamic Soil/lRock Boundary
Loading Loading Parameters Conditions
| PARAMETERS' |
y < A 4 h
-Structural loads -Machine loads ~Classification -Groundwater/

-Hydraulic loads
-Soii ioads
-Surcharge loads

-Turbine loads

-Hydraulic loads

-Wind loads

-Earthquake, flood or|

Strength parameters
Soil state narameters, i.e.

consolidaaon history, unit
weight, relative density

other hazard loads

-Fill compaction

characteristics, i.e. relative
compaction, water content

seepage conditions

Stratinranhv
=sSuwatgrapay

haari

ing capacity

. Static loading
. Dynamic foading

] :
settiement calculations f

]
1. Static loading
2. Dynamic loading

Iculations for the

following cases:

Notes:

not required

. isBCFS> mm\ YES?
AND Ground improvement
‘2. Is settlement < allowable?

N

e

~

*NG

( Grou
-

nd improvement required \
-

1. Assessment methods for parameters are given in Figures 19 and 20.
2. If "Yes" answer applies to both decisions, ground improvement is not required.
If "No" answer applies to either decision, ground improvement is required.



/ Are the seepage factors of\

safety adequate?

|
|

[FAcTORS |
— ]

h 4 v - 4

Soil/Rock Site Seepage Boundary Seepage D
Parameters Conditions Conditions

| PARAMETERS'|

A 4

e -

4

-Permeability -Confined/unconfined flow | ! JImpervious -Seepage control measures,

~Joints or -Layers with high/low boundaries e.g. core, cutoff, filters
fractures permeability -Line of seepage -Allowable seepage quantity

Cmmcmmmcn Smma Allowahbla ||nl|ff nraccurae
-Hydraiiiic gradient -Seepageface | |-Allowable upl pressures
-Chemical composition of -Entrances/exits

4\

Perform seenage analyses to determine the following:
Seepage quantlty
Uplift pr&sures

[ =™ -~ -
l'db'(u( Ul lee y ay

1.
2
3.

/ 1. Is seepage quantity < \ _
allowable? YES
e AND NGV Ground improvement \
\ 2. |s uplift pressure < allowable? /_\ not required
AND
\\= FS(E&P) >

o

\

Notes:

N =

A sessment ethods fo

r
. .A- mrmemlian &
O

para meters are glven n Figure 21
Wwer appiiés 1 id i e

Py )

ai

round irp_nrmmmpnf or other mitigation strateav is reaui
ound improvement or other mrtigatuon st gy Is req
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ETL 1110-1-1
4 Eala
1 Frev
~~ Wha
(" ofWhat are gross estimates ™\ _
Ul gluuuu uclUlllldllUll aue v /
Imupfactlnn?
Y e O s 4
Bearing capacity Lateral
and settlement deformation
l CAN~TADS !
l d I TMAVIVIRNGY
L 4
Earthquake Soil Earthquake Soii and slope
laadinea naramatare charantarietine naramatarc
Ivauiny PRI LW & WIHIATIAWVLICIT ID2UIVY MPRITiiviivi o
PARAMETERS'
y y A 4 A
'5.2'52%?:2? -Relative density -Moment Sgi-l\si'aiﬁ size
. Grain S magnitude -Eielan:egilenlsny
-Cyclic stress ratio -Grain Size - uefiable layer
m!:.uceu by -Distance th?gkness d
earthquake, CSR from site Clana
-Grade
-Geometry
! ANALYSIS T
4 1 1
-Evaluate bearing capacity safety. h 4

Smmbomn B. moamoidavi;me~m avensas

uu.qu' rbc, consider lllu CACESS
porewater pressures estimated per
Marcuson and Hynes (1989)

-Estimate settlements from Tokimatsu
and Seed (1987) or Ishihara (1993)2

Estimate lateral deformation using
Bartlett and Youd (1995)°

ol

N

7 Fbe<12 N\ Not/ Gromnd )

[} } 8 Na
< aterai 6é£>?rgil‘t)|?:ﬁ>6 , _>—{ improvement
e “emgnpggsnv;/ \not required/

7 Fe208 N NOT/ eoun e
(. mbaral .a.ﬁf?..’.?BA < 2Ds -H andl:r foundation )
U Settlement. ";'6"‘-'»V \cetrofitting required/
: —
Notes are on next sheet. \/7
lYES

/7~ Proceed with refined

estimates of deformati

~
on/

m
G
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m
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ETL 1110-1-185

1 Feb 99

Tokimatsu and Seed (1 987v) and Ishihara (1993) procedures were developed
for "clean"” sands. For silty sands an equivalent "clean " sand (N1)so value

can be computed using the method described by NCEER (1997) for use with

~nhart
\'Ilul t:-

For other soil types susceptible to liquefaction, settlements can be estimated
using results from cyclic CU triaxial tests on "undisturbed" samples subjected
to cychc stress levels causmg ||quefact|on. Samples are reconsoiidated after

.......... hhénic somlecmmvndolion cnbvmicm falasmnd IA abtrnin in 6knn

liquefaction to obtain volumetric strain data. Volumetric str
lated to the factor of safety against liquefaction, Fy, ,and ther

Qi v L= A Vi SQITLy SPQitiSt it qwe iR ivas

penetration resistance of the soil.

- n
m
[
(‘l
(%]
[

fied by Bartlett

- cccoma m bl 4N ﬂE

cif
At A Y
g Newmark's (1965)

“No" response appropriate if it applies to both factor of safety and settlement/
‘aterai deformation criteria. “"Yes" response appropriate if it appiies to either

Estimated settlements should include densification settlements of cohesionless
soils above groundwater (per Tokimatsu and Seed, 1987) and settilements due
to deformations from lateral spreadmg and reduction in bearing capacity, as weli

Py S S .t _aT _.--z--AO-_ [N PRy m s am e tmammmcacmlhon s cemarmoammzoaem

om GISSIPEIIOH of uquetacu n-induced excess porewatler pressures

Dv.a and Dn.a are the allowable vertical and horizontal movements, respectively,
of the foundation as determined by the structural engineer.

FIGURE 9 (continued)
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(r‘“hat are gross estimates ‘\

o1 si0ope deformation due to /
earthquake loading?
. earthquak
]
|
FACTORS
A A
Earthquake loading Soil parameters
PARAMETERS'

2 L
-Earthquake magnitude -Yield acceleration, ay
-Maximum ground -Fundamental period

acceleration at base of of embankment,To
embankment, amax
ANALYSIS

For critical failure surfaces from limit

equiiibrium anaiyses, estimate
permanent displacement using

slmpllfied procedure of Makdisi and
Seed (1978) 2

/\

- N

/ Is estimated \ NO / Ground \

< displacement > allowable >3 improvement )

\ displacement? / \not required/
e

Notes:

1.

2
e

Assessment methods for earthquake parameters are given in Figure 15.
Assessment methods for soii parameters are given in Figure 23.

This procedure was developed using the dynamic response characteristics

A\ "]
of dams and embankments. If used for other type
must be used with caution.

m
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41 Fah QQ
e v
Kuh;; mrn rafinad anéimatacs ~nF \
ywilal al© ITIHITU Sotliniateco vi )
(\ around deformations? /
EANATADS
ravw ivinne
Y v v A 4 X Y
Earthquake Soil state Stress Strength Stiffness jjRecompression
loading narameters state nroperties properties properties
1 parameters prope prop prop
JE I —— |
PARAMETERS
s h 4 h 4 I 4 A 4
Strong-motion -gnlt \il:eightl -Vertical .fﬁli‘fetftive - s‘l;%a:‘rius -Volumetric
- - ens o
acceleration y -Horizontall arncg!e n strain
record -Void ratio confining R - Damping
-Residuai
-(I’Relat'itve -Shear strength
ens
y -Porewater
|
T A, 4
| ANALYSIS |
bre

Calculate settlement and/or lateral

deformation using 2D or 3D dynamic
deformation analyses

|
b 3
/ \
e N
~ nt NO— Ground N
.~~~ Lateral deformation > 0.67Dh.a \_J improvement not \
\ Settlement > 0.67Dva ? / \ " required j

\ /
\ /
\/

|yes?
¥

7~ AN
(Ground improvement)

_ required -

Notes are on next sheet.
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2. Estimated settlements should include densification settlements of cohesionless
soils above groundwater (e g. Toklmatsu and Seed, 1987) and settlement due to

deformations from iaterai Spf’ ead ll'lg ana reaucuo

ni
ac thnean froam diccinatinn nfli ction_induced axcagg norawater nregsuras
A LIIVOSY 1) Vil ulaalvu‘lvll Ve 18 weiwv L - WEHM VAVLIS PUYIWITRLIVYEI MIVOOTUIVO

of saturated soils.

3. "No" response appropriate if it applies to both lateral deformation and

settiement. "Yes"” response appropriate if it applies to either lateral

AnfAarmatinn anttla né Arbhath
ucivil al.IUII Vi °c|‘lclllclll' Vi WULll.
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FACTORS:

PARAMETERS:

ASSESSMENT:

Notes:

Classification'

Experience

4

Past performance and
known properties of

SVIl

y A 4
Grain size 2
Plasticity distribution Geology
A 4 A
In-Situ Geological
Laboratory Laboratory References
1. Visual Part "
Atterberg limits classification arliclr size 1. Maps
of samples analysis
2. Depositional
2. CPT classification history
chart?

4

Local Information

4. Case history
information

2. Knowledge of

ent]l neanartias
SV pPIVPpClLLaIGOo

and implications

for liquefaction

1. Refer to EM 1110-1-1804 (Geotechnical Investigations) and EM 1110-2-1906 (Soil Sampling) for
COE procedures.

2. Geologic information provides some general insights regarding soil composition, fabric, and structure.

3. Use chartin accordance with NCEER (1997). CPT should only be used for classification after verification

of its suitability by soil sampling adjacent to some CPT soundings.

FIGURE 12 Assessment Methods for Soil Classification and Experience
Parameters for Preliminary Evaluation of Site Conditions and

Design/Performance Requirements

664d3d |
S8i-1-0LLL 113
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FACTOR:

PARAMETERS:

ASSESSMENT:

Boundary
Conditions

A 4 y
Groundwater levels -Soil stratigraphy Geometry
-Presence of low/high i
permeability layers
A A A v
In-Situ In-Situ Records -For proposed

-From groundwater level
measurements obtained
from:

1. boreholes
2. CPT, if
piezocone used

-From surface water
levels where applicable

-Penetration tests -Existing boring data

1. SPT samples (may

include laboratory
index tests)
2. CPT interpretation

-Borehole permeability
tests (if deemed
necessary)

s for Boundary Condition Paramete
onditions and Design/Performance

structure, from plans

-For existing structure,
from as-built plans or
survey

66424 |

S$81-1-0141 113
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S

Settlement
Limits

FACTOR: ]
Loading
Conditions
+
4 Dynamic loading:
PARAMETERS: Static Loading: 1. Machine loads

1. Structural loads
2. Hydraulic loads
3. Soil loads

4. Surcharge loads

2. Turbine loads

3. Hydraulic/flood loads
4. Earthquake loading
5. Wind loads

8. Other hazard loads

Total settlement l

Differential
settlement

ASSESSMENT:

A

-For proposed structure, from

h

-For proposed structure,
from design calculations
or structural engineer

-For existing structure,
from original plans/specs,

66 qod |

§8i-i-0iii i3

~nm

design engineer or from plans
and specifications
-For existing structure, from
as-built plans or proposed
upgrades

performance records,
design calculations for
proposed upgrades or
from structural engineer

FIGURE 14 Assessment Methods for Loading Conditions and Settlement Parameters for Preliminary
Evaluation of Site Conditions and Design/Performance Requirements



FACTOR: ' Earthquake

characteristics
. 3 A L 4
PARAMETERS: .
E.arthc;;;la:te Distance from OR Maximum ground
magnitude site acceleration, amax
L 4 b v
SSESSMENT: '
. . Obtain using: "
Refer to Youd and E:::Lal:: :;s:‘:?::n ter sing:
9 I ;
ﬁigggbrd!gt?‘asz; for of design earthquake 1. Design earthquake along with
o cerning design source published attentuation relationships
cf:ntci,enn r':g“ g for given solil conditions
“ earthquake
b : 2. SHAKE or equivalent computer
analyses
3. Same as 1 but using attenutation
relationships for bedrock along with
soll amplification ratios.
4. Published maps of amax values
by NEHRP
Notes:

1. From NCEER (1997): Option 1 is the preferred method when such relationships are available for the given
soil conditions. Option 2 should be used if attenuation relationships for given soil conditions (Option 1)
are not available. Option 3 is least desirable because of magnitude and potential frequency dependancy

of amplification. Option 4 is not discussed.

FIGURE 15 Assessment Methods for Earthquake Characteristic Parameters for
Preliminary Evaluation of Site Conditions and Design/Performance

Requirements



9¢

FACTOR:

PARAMETERS:

ASSESSMENT:

Flood
characteristics'

»

Meteorological data:
. Storm

. Precipitation
Snowpack
Temperature
. Moisture
Winds

. l:vaporauon

w?u»@»*

A 4

Topographic data:

. Mapping

Stream patterns and profiles
Lakes and swamips

Soil and geology

Vegetal cover

Existing improvements

Phawpa

NOAA Storm Data?
NWS Hydrometeorological
Reports 3

SCS Watar Sunntv O f\ek‘

PGS TR WUy Luile

. NOAA Climatology of U.S.

5 6, 7. NOAA Local

Climatological Data

-

-Streamflow data

-

Notes:

Nonhkwn

-t

. USGS topographic maps or
digital mapping 8

. Avaiiabie maps

. SCS Soil survey reports

. USGS maps, USFS maps, BLM
maps ¢

. Existing maps

AN

]

. Field surveys/aerial photography

Obtain using:’
1. Measurement

2. USGS Water Data Report
‘l \MATQTnDE7

WEIE &5 § W\

Refer to EM 1110-2-1420, Hydrologic Engineering Requirements for Reservoirs
NOAA - National Oceanic and Atmospheric Admisistration

NWS - National Weather Service
SCS - Soil Conservation Service

USGS - United States Geological Survey

USFS - United States Forest Service; BLM - Bureau of Land Management

WATSTORE - National Water Data Storage and Retrieval System

FIGURE 16 Assessment Methods for Flood Parameters for Preliminary Evaluation of Site

Conditions and Design/Performance Requirements
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FACTORS: Soil state

parameters
PARAMETERS: >
-Unit weight/density
-Vold ratio
-Relative density
-Consolidation history
A 4
ES : : Y
“ ASSESSMENT: InSitn A Laboratory
Correlations with: 1. ASTM tests
1. SPT (NAVFAC, 1982) 2. Correlations with index
T ‘ roperties, e.q. Atterber
2. C:P.l (Mayne et .ﬂl.,‘ 1995) ﬁm ts (N\A\}FA‘%, 1982) g
3. Shear wave velocity
tests
Notes:

1. Correlation of shear wave velocity with void ratio, relative density or unit weight is not well
established. Therefore, CPT or SPT tests should be used in conjunction with shear wave velocity

tests to help evaluate these parameters.

FIGURE 17 Assessment Methods for Soil State Parameters for Difficult
Soils, Slope Stability, and Seepage Evaluations
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FACTORS:

PARAMETERS:

Earthquake
loading

h 4

Earthquake
magnitude

Maximum ground
surface acceleration

<

4

ASSESSMENI:

Refer to Figure 15

Refer to Figure 15

Liquefaction resistance
of deposit

<

Relative density
Structure

y

Grain size

P37
-

IN-DIIU

Correlations with:

4
e

2,

X

Refer to Figure 12

1. Correlation of shear wave velocity with relative density is not well established. Therefore,
CPT or SPT tests should be used in conjunction with shear wave velocity tests to help
evaluate this parameter.

FIGURE 18 Assessment Methods for Earthquake Loading and Liquefaction
Resistance Parameters for Evaluation of Liquefaction Potential

6634 |
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FACTOR:

PARAMETERS:

)
O

ASSESSMENT:

FIGURE 19 Assessment Methods for Strength Properties for Slope Stability and Bearing

Strength Properties

A

<
Cohesive Solls Cohesionless
Soils
p
v y
Undrained Drained Drained
Strength Strength Strength
A
4 9 \ A 4 A 4 4
In-Siitu latoratory In-Situ Laboratory [n-Situ

1. Vane shear test

2. Correlation with:

- CPT (Robertson and
Campanella, 1983b or
Mayne et al., 1995)

- SPT (Terzaghi et al.,
1995 or NAVFAC, 1982)

1. CU tests

2. Correlation with
index properties,
e.g. Atterberg limits
(Mitchell, 1993 or
Duncan et al., 1989)

1. Correlation with:
-CPT (Mayne et al., 1995)
-SPT(Terzaghi et al.,
1995 or NAVFAC, 1982)

Capacity Evaluations

1. CD tests

2. CU tests with pore:
pressure measurements

3. Correlation with index
propetties, e.g.
Atterberg limits, grain
size (Mitchell, 1993 or
Duncan et al., 1989)

1. Correlation with:
-CPT (Robertson and
Campanella, 1983a)
-SPT(Terzaghi et al.,
1995 or NAVFAC, 1982)




Earthquake ioading

Static Loading

Soil/rock parameters

Parameters

Pseudostatic
aarthmuralkka
Caruijuanc

coefficient

St‘ruct’urai loads
sl wman lomon sl

ny\.u dullh 1vaus
Soil loads

Surcharge loads

Classification
Soii state parameters
Strenath narameters

MPrI Wiyl prRs Rinne

Fill compaction
characteristics

Rate of fill placement

Refer to Figure 14

er to Figure 12

AR
('D [ ]
gy amy gy,

(1]

-

-

o

'|

X~}

[

-

@

3

I er to Figure 19
From Iaboratorv tests

FIGURE 20 Parameter Assessment Methods for Siope
Stability, Bearing Capacity and Settlement
Evaluations
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Soil/rock parameters

Site boundary

conditions

Seepage boundary
conditions

e design

* Finite element

Permeability

Confined/unconfined

TiIOW
Layers with high/low
permeability
Hydraulic gradient
Chemicai composition

nf watar
Vi vwwaler

Impervious boundaries
Line of seepage

Seepage face
Entrances/exits

Seepage controi
measures

Allowable seepage
quantity
Allowabie uplift pressures

From laboratory or field
tests
From geostechnical

o~a
investigation report

Refer to Figure 13

Refer to Figure 13
From fiow net or FE* analysis

ce
From flow net or FE analysis

From flow net or FE analysis

- [ PR
rrom 1afns

(5]
(o]
=
o
-»
-
C.
lIlb
)
=1}
‘CI

From performance
requirements
From design requirementis

FIGURE 21 Parameter Assessment Methods for

Seepage Evaluation
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bgs
Eactors Parameters Assessment
Earthquake loading Earthquake magnitude Refer to Figure 15
Cyclic Stress Ratio (CSR) Refer to Figure 15 fora,,,;
CSR = 0.65(amax/g)*(cvo/ove')ra
Soitl parameters Reiative density Refer to Figure i8
Grain Size Refer to Figure 12
Earthquake Moment magnitude Refer to Figure 15
characteristics Distance from site Refer to Figure 15
Qnil
Soil and slope Grain size Refer to Figure 12
parameters Relative density Refer to Figure 18
Liquefiable layer Soil borings or CPT
Slope i. Construction pians
Grade and geometry 9 Eiald racnnnaiceanncn
&. TICIV ICLUIIIIAQIOOAlIVLE
FIGURE 22 Parameter Assessment Methods for
| toassnfantéinnm Euvalitatinn . RrAace
LI\.‘ cliaLilvil LLyailuauivil = UiIvoo
[ o P SR & L . P I iy Ry
perormdtuion csiliimale
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FACTORS:

PARAMETERS:

ASSESSMENT:

ELN
W

FIGURE 23 Assessment Methods for Soil Parameters for Slope Stability Evaluation - Gross
Deformation Estimates

Soll Parameters

h

Yield
acceleration, ay

A

A

Fundamental period of |
embankment, To

A 4

. The yleld acceleration is defined as the

average acceleration producing a horizontal
inertial force that results in a factor of safety
of 1 for the particular failure plane.

. For solls that do not develop large shear

strains, calculate yleld acceleration using
limit equilibrium methods and assuming the
dynamic shear strength of the materlal is
equal to 80% of the static shear strength
(Makdisl and Sieed, 1978).

. Approximate methods for shear

modulus increasing with depth:
a. First approximation: To= 4H/ivs
b. For other approximate methods see

Gazetas (1982) or Dobry et al. (1976).
. QUAD4M analysis
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FACTOR:

ASSESSMENT:

Notes:

Earthquake
ioading

Stress State

r 4 h 4
Strong-motion p
acceleration Vertical stress Horizon:tarlégts:nfining Shear stress p(::\:z::
record
p p v < v
Computer analyses Calculations In-Sitn Analyses In-Situ

for resgonse spectrum
and su sequent
modification

of available strong-
motion record, if

necessary?

-Existing ov' from
soil unit weights
and groundwater
level

-Previous maximum
ov' and OCR from
consolidation tests
on samples of clay
layers in strati-
graphy or geologic
history

-Correlation of
: l"DT 00 K €~

e fer
0h12

-Stress history

-Analyses of stress
state for existing
condition

-From groundwater
measurements
obtained from:

1. borehole
2.CPTHf plezo-

cone uheu

-From surface
water levels
where
applicable

66 Q94 |
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1. Computer analyses to determine response spectrum from strong-motion bedrock record can be performed using SHAKE,

QUADA4M or equivalent analysis. Modify strong-motion record as necessary to obtain desired design response spectrum.

2. Reference Kulhawy and Mayne (1990).
FIGURE 24 Assessment Methods for Earthquake Loading and Stress State Properties

for Refined Deformation Estimates for Liquefaction and Slope Stability
Evaluations
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FACTOR:

PARAMETERS:

Effective friction

y

Undrained (steady state)
residual shear strength

ASSESSMENT:
In-Situ
Correlation with:

1. SPT (Terzaghi et al., 1995

or NAVFAC, 1082)

2. CPT (Robertson and
Campanella, 1983a)

Notes:

Laboratory
1. Static CU tests

2. CD tests (for ¢' only)

1.

"
L.

In-Situ

Correiation with:

SPT (Seed and Harder, 1990)

AT 2 dlommbles oo lom e
O inairecuy using
correlation between qc1
and (N1)so

. Effective overburden pressure

for loose, silty sands!

1. Recommended Su/p ratio per Baziar et al. (1995): Su/p ~ 0.145 or Su/p = 0.11 + 0.0037(PI)

FIGURE 25 Assessment Methods for Strength Properties for Refined Deformation
Estimates for Liquefaction and Slope Stability Evaluations
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FACTORS:
PARAMETERS:
ASSESSMENT:
-bn
(o))
Notes:

Stiffness
properties

Shear modulus
and damping !

Recompression
properties

Volumetric strain

3

\ 4

ln-Situ

1. From shear wave
velocity tests
and G,,, = pv;

max

2. CPT (Mayne et al., 1995)

L.ahoratory
1. Resonant column tests
2. Cyclic direct shear tests

3. Cyclic triaxial tests

Literature?

Tokimatsu and Seed
(1987) or Ishihara and
Yoshimine (1992)

Laboratory?

Cyclic CU triaxial tests
or cyclic simple shear
tests

1. Variation of shear modulus and damping with shear strain for "clean” sands can be determined using curves
by Idriss (1990). Curves by Vucetic and Dobry (1991) can be used for plastic soils.

2. Tokimatsu and Seed (1987) and Ishihara and Yoshimine (1992) procedures developed for "clean” sands. For
other soil types susceptible to liquefaction, volumetric strains can be estimated in the laboratory using results

.

from cyclic CU triaxial tests on "undisturbed” samples subjected to cyclic stress levels causing liquefaction.
Samples are reconsolidated after liquefaction to obtain volumetric strain data.

FIGURE 26 Assessment Methods for Stiffness and Recompression Properties for
Refined Deformation Estimates for Liquefaction and Slope Stability

Evaluations

66994 )
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CHAPTER 3
IF GROUND IMPROVEMENT IS NECESSARY, WHAT METHODS ARE
AVAILABLE?

Many methods for ground modification and improvement are available, including dewatering,

> ) o with and without vertical drains
vvvvvv 1, 1g with ang without vertical drains
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These methods have become practical and economicai aiternatives for many ground improve-
ment applications. While most of these technologies were originally developed for uses other

practical and cost effective means for mitigating seismic risks. Many of these methods have

“11_44' l ___________________ A

structures. Various purposes for ground improvement are indicated, along with methods that
may be applicable for each purpose. Several different methods may be suitabie for each po-

ra particu_lar purpose will de-
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areal extent of treatment. The applicable grain size ranges for various soil improvement
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Figure 27. Applicable Grain Size Ranges For Soil Improvement Methods.
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An important factor in selection of a suitable ground improvement method is the accessibility
of the site, particularly if the site is aiready developed. When ground improvement is needed
on large, open and undevelopcd sites, there are typically more and less expensive options

small or have constraints such as existing structures or facilities.

are
nrovement methods that are notentiallv suitable and economical for use on large
SRV CLiiUGS vaiGh TOpPVIRIILIGAL Y SLILAUET Qv Ov wov U i .

1vzlia - ~ a aavsaiavBa Y

tions is presented in Tabie 6.

e used to select options for ground improvement at a particular site.

e B
o
o
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hese 1s can then be narrowed down based on the : : esented in the
r gn con tions presented in the

p—

=
‘N

.nA.lﬂﬂdl\“l‘ vy

(1990), Mitchell and Christopher (1990), Narin van Court and Mitchell (1994, 1995), Hay-
ward Baker (1996), and ASCE (1997)

Soil Replacement

QAil camlanamiant snvnlirag avnncating tha cnil ¢hat mnanda ta ha imnravad and ranlacing 1t The
QUL lelabC HTIIL HIVUIVOY CALAY llll5 LLIT S0 tilat [ITTUD U UCT HUpLUYTU allu 1vplavilig 1t ) @ i

excavated soil can sometimes be recompacted to a satisfactory state or it may be treated with

admixtures and then be replaced in a controlied manner. It

ent soil with more suitable properties for the proposed application.

49
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Admixture Stabilization

Admixture stabilization consists of mixing or injecting admixtures such as cement, lime, flyash
erties. Admixtures can be used to incre
strength, decrease the permeability or improve the workability of a soil. Admixtures can fill
voids, bind particles, or break down soil particles and form cement. The general process of
admixture stabilization consists of. (1) excavating and breaking up the soil, (2) adding the
cting th 1 and al-
(1990).

stabilizer and water, if necessary, (3) mixing thoroughly, and {(4) com

pa

lowing it to cure. Admixture stabilization is discussed in detail in Hausmann

oller Comnacted Concrete
KRONCT LOINPaCiel LONCITele
DAallar ~rAamnantad canecrata (DO e a matarial that hae neafiil annlicatinne far arannd 1imo
INVULIC1 UUIIIPQULUU VULIVI VLIV \1\\/\/) 1> a illatvllal uiatl 1ad uodsviul appuvativiio 1vl gpluuiig il

provement. RCC is essentially no-slump concrete composed of a blend of coarse aggregate,

ccsmd

water. It can be used to constru

gregate, cement and
provide overtopping protection for existing earth dams, and to buttress existing slopes. It is

aced and spread using conventional earth moving equipment, compacted with vibratory roii-

.

e RCC hvdrates and hardens into weak concrete.

>C. Use of

DAallos N rsesnmntod Mamnssts IT10Q0N and DAallos MAanemantad nnpsato TTT (10092)
INOuer Lo €A L OncCreie€ 11 \(1700) and noOueir Lompacied LOnCrete tui \1>74)
[ YRS . VAR Y . Yy’ .
veep vynamic vompdacuon

Deep dynamic compaction (DDC), also called heavy tamping, consists of repeated dropping

the soil at depth, as shown in Figure 28.

the particles are rearranged in a denser, more stable configuration. At developed sites, a

(¥,
O



is

ne relationship

™
1

- ,<7

the weight and the height of the drop can be expressed as:

metric tons

2]
e

Ey
.

ing weight

with a maximum effective densification depth of about 10 meters. The

b

ii

maximum depth of improvement, m
a

f

Txr

discussed in greater detail in Mitchell (1981), FHWA (1986a), and Hayward Baker (1996).

The lower values for the coefficient generally apply to silty sands, whereas, clean, coarse, co-

involves weights of 10 to 30 tons dropped from heights of 15 to 30 meters at grid spacings of

between the effective depth

sands and silty sands

where D
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Vibrocompaction and Vibrorod

Vibrocompaction methods use vibrating probes (typically having a diameter of about 0.4 m)
to densify the soil. A sketch showing the vibrocompaction process in shown in Figure 29.
The probe is usually jetted into the ground to the desired depth of improvement and vibrated
during withdrawal, causing densification. The soil densifies as the probe is repeatedly inserted
and withdrawn in about 1 m increments. The cavity that forms at the surface is backfilled with
sand or gravel to form a column of densified soil. Vibrocompaction methods are most effec-

tive for sands and gravels with less than about 20 percent fines, as shown in Figure 30.

Figure 29. The vibrocompaction process (Hayward Baker, 1996)

When vibrocompaction is used for large areas, it is typically performed using either a triangu-
lar or rectangular grid pattern, with probe spacings in the range of 1.5 m to 3 m on centers.
The spacing depends on several factors, including the soil type, backfill type, probe type and
energy, and the level of improvement required. An approximate variation of relative density
with effective area per compaction probe for a sand backfill is shown in Figure 31 (FHWA,
1983). While field tests are usually done to finalize the design, Figure 31 can be used for pre-
liminary probe spacings. This figure can also be used for preliminary design of stone columns,

which is discussed in the next section. Advantages of vibrocompaction are that the vibrations
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felt on or near the site are significantly less than caused by deep dynamic compaction or ex-
plosive compaction and more uniform densification is obtained. On the other hand, the cost is

usually greater. Additional information is available in Mitchell (1981), Hausmann (1990), and
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Figure 30. Range of particle size distributions suitable for densification by vibrocompaction.
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Figure 31. Approximate variation of relative density with tributary area or area replacement
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Stone Columns (Vibroreplacement)

Stone columns are installed using a process similar to vibrocompaction, except t that a gravel
backfill is used, and they are usually installed in slightly cohesive soils or silty sands rather
than clean sands. In the dry process, a cylindrical cavity is formed by the vibrator, that is filled
from the bottom up with gravel or crushed rock. Compaction is by vibration and displace-
ment during repeated 0.5+ m withdrawals and insertions of the vibrator. Stone columns are
usually about 1 m in diameter, depending on the soil conditions, equipment and construction
procedures. They are usually installed in square or triangular grid patterns, but may also be
used in clusters and rows to support footings and walls. Center-to-center column spacings of

1.5t 3 are typical. Figure 31 may be used f

the tributary area per stone column. For foundation applications, coverage should be ex-
tended beyond the perimeter of the structure to account for stress spread with depth. A

drainage blanket of sand or gravel 0.3 m or more in thickness is usually placed over the top of

ditional details regarding stone columns are discussed in Mitchell (1981), Hausmann (1990),
and Hayward Baker (1996).

Gravel drains are a type of stone column proposed for use in liquefiable soils to mitigate lique-
faction risk by dissipation of excess pore water pressures generated during earthquakes
(ASCE, 1997). They have been proposed for use in two ways: (1) as
method for liquefiable zones and (2) as a perimeter treatment around improved zones to inter-
cept pore pressure plumes from adjacent untreated ground. A typical layout for gravel drains
is shown in Figure 32. Gra\)el drains are constructed in the same manner as stone columns,
but are installed in cohesionless deposits. As the gravel is densified during vibro-replace
there is mixing of the sand from the formation with the gravel in the drain. The degree of

mixing has a strong influence on the final permeability of the gravel drain.
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Seed and Booker (1977) first proposed design methods for gravel drains to prevent liquefac-
tion of sands. They assumed that drainage would occur radially towards the center of the col-
umn if the drain permeability were at least 200 times the native soil permeability and that drain
resistance could be neglected. In practice, however, seepage in the drain occurs vertically, so
the drainage path length is much longer than originally assumed by Seed and Booker and drain
resistance becomes an important factor in design. Design diagrams that consider the drainage
path length and drain resistance were presented by Onoue (1988). Boulanger et al. (1998)
performed designs using both methods and found that the methods agree when drain resis-
tance is negligible. However, they also found that a drain permeability of 200 times the soil
permeability was not sufﬁciént to eliminate the effects of drain resistance. Therefore, they
suggest that the diagrams presented by Onoue (1988) be used to include the effects of drain

resistance in design of gravel drains.

©

® © PLAN
® o ®
GRAVEL DRAIN

Figure 32. Arrangement of gravel drains (after Seed and Booker, 1977).

A detailed discussion of design and construction issues regarding gravel drains is presented by
Boulanger et al. (1998). Intermixing of the native soil and the drain material can cause the
permeability of the resultant drain to be less than 100 times the permeability of the native soil.
Construction defects can result in zones of low permeability. Therefore, it is recommended
that densification be the primary treatment goal when gravel columns are used and that drain-

age be considered a secondary benefit. It is noted, however, that row(s) of gravel drains used
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Compaction piles densify the soil by two mechanisms: (1) displacement of a volume of soil

equal to the pile volume and (2) densification of the soil due to vibrations induced by the pile

driving. They are typically paced 1 to 3 m on center. For preliminary design in loose sand, the
following gdxde!me may be used. To increase the average density of loose sand from an initial

for piles in a triangular pattern, Figure 33 (b), in which d is the sand pile diameter (up to 800
mm) (Mitchell, 1981). Compaction piles are often slow to install and relatively expensive. A

Franki pile is a type of compaction pile in which a falling weight is used to drive the backfill
out the bottom of a large diameter pipe. Additional detail on sand and gravel compaction

le, can be found in Mitchell (1981).
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(a) Square Pattern (b) Triangular Pattern
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Figure 33.
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surface. The detonation induces liquefaction in the soil, which then recompacts to a de enser,
ires induced by both the blast and by gravity. If a partly
saturated soil is prewetted before the charges are detonated, the process is termed hydroblast-

ing. Hydrobiasting is sometimes used to treat coliapsibie soils. A typical layout for explosive

compaction is shown in Figure 34. Explosiv

(=

ercent The
ercent. 1

o
(@)

60 n
~  of

15 meters in remote areas, with charge weights between 2 and 15 kiiograms. The total ex-

plosive use is usually 40 to 80 g/m’. For soil layers less than 10 m thick, the charges are

usually placed at a depth between one-half and three-quarters the thickness of the layer to be
th

treated, with a dep

of two-thirds t lay :

thick, it is recommended that it be divided into sublayers, where ea

rately with decked charges (Narin van Court and Mitchell, The charges in each
sublayer can be set off in sequence from top to bottom or bottom to top, and there is no de-
finitive evidence that one sequence is more effective than the other
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For any layer thickness, the treatment area typically needs to be treated with 2 or 3 series of

.......... ne ~f thin anil amd aiébn A £ald tnctinm menmram o s1aisalley marfnemead Cac sl O 1
llul.ldl plUpC Cd ULl UIT >l 1U SILC. A LICIU LOSLULE PlUglalll 15 UdUally pulivliiicd 101 UIC 1nal
design. For additional information on explosive compaction, consult Narin van Court and
Mitchell (1994, 1995)

Permeation Grouting

Permeation grouting is a process by which the pore spaces in soil or the joints in rock are

p P SR eAas s AN 1D Y ol R £1 2 \ ) w
ing pressures is 20 KPa per meter of aeptn (1 psvit). &

be used. The process is limited to relativel coarse-grained soils, because the grout must be

”

P

penetration grouting holes is between about 4 to 8 feet. For water cutoff applications, two or
three rows of grout holes are usually required to form an effective seepage barrier. Penetr:
tion grouting can also be used for ground strengthening and liquefaction mitigation. Whereas
seepage control requires essentialiy complete replacement of the pore water by grout, effec-

cement. Additional references on permea-

tion grouting include Karol (1990) and Xanthakos et al. (1994). Case histories on chemicai
oronting for mitioation of liauefaction rick can he found in Graf (1992hb)
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Figure 35. Types of grouting (Hayward Baker, 1996).
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not penetrate the soil pores in compaction grouting. The grout acts as a radial hydraulic jack
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urrounding soil. The grout is usually a mix of sandy soil

out mix consists of
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to bind the mix together, cement, and water. A typical compactio

about 3 parts sand to 1 part cement, aithough cement is not always used. The grout forms a

grained soils.

A typical compaction grouting program consists of pipe spacings between 3 to 15 feet, with 5
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depending on the type of soil being treated. The replacement factor, which is the percentage

of total ground volume that is filled with grout, ranges from about 3 to 12 percent. Additional

ound in Graf (1992a) and Warner et al. (1992).
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Figure 36. Compaction grout bulb construction (ASCE, 1997).
Jet Grouting

Jet grouting is a process in which a high-pressure water jet is used to erode the native soil and

umns of up to about 1 m diameter are typical, although much larger columns are possible us-

soils that are easily eroded, such as cohesionless soils. Cohesive soils, especially highly plastic
clays, can be difficult to erode and can break up in chunks. The return velocity of the drilling
fluid is usually not large enough to remove chunks of clay, so the quality of the grout-soil
mixture could be compromised and hydrofracturing could occur in highly plastic clays (ASCE,
1997). A drawback of jet grouting is that it is very expensive and that special equipment is
required. However, one advantage is that treatment can be restricted to the specific layer re-

quiring improvement. Another advantage is that the injection rods can be inclined, so it is

N
o



In the deep soil mixing technique, admixtures are injected into the soil at the treatment depth
and mixed thoroughly using large-diameter single- or multiple-

panels of treated material. The mix-in-place columns can be up to 1 m or more in diameter.

groups to form piers, in lines to form walls, or in patterns to form cells. The process can be
used to form soil-cement or soil-bentonite cutoff walls in coarse-grained soils, to construct

excavation support walls, and to stabilize liquefiable ground. Deep mixing for mitigation of

liquefaction risk at Jackson Lake Dam is iilustrated in Figure 38. A detaiied discussion of
deep mixing is presented in ASCE (1997).

Mini-nilas

Mini-piles

Q.
-
o

£
P
4

0
place piles incorporating steel reinforcement” (ASCE, 1997). Mini-piles can be use

e

61



ETL 1110-1-185
1 Feb 99

Figure 38. DSM for Jackson Lake Dam Modification Project (Taki and Yang, 1991).

stand axial loads and/or lateral loads, either for the support of structures or the stabilization of
soil masses. Various applications for micro-piles are shown in Figure 39. Diameters are
usually in the range of 100 to 250 mm, with lengths up to 20 to 30 m and capacities from
about 100 to 300 kN (67 to 225 kips). Mini-piles can be installed both vertically and on a

slant, so they can be used for underpinning of existing structures.

Conventional concrete cast-in-place piles generally rely on the concrete to resist the majority
of the applied load. In contrast, mini-piles often contain high capacity steel elements that oc-

cupy up to 50 percent of the borehole volume.  Therefore, the steel element is the primary

Area to be
excavated

Figure 39. Mini-pile applications (modified from Lizzi, 1983).
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load bearing component, and can develop high capacities, while the grout serves to transfer

the load from the steel to the soil. Additional information on mini-piles can be obtained from
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Xanthakos et al. (1994). Case histories are discussed in Bruce (1991). Information o
can be found in Volume 2 of the FHWA State of Practice Report (1996a).

Soil Nailing

Soil nailing consists of a series of inclusions, usually steel rods, centered in a grout-filled hole
about 6 inches in diameter in the ground to be supported. By spacing the inclusions closely, a

composite structural entity can be formed. The “nails” are usually reinforcing bars 20-30 mm

in diameter that are grouted into predrilled holes or driven using a percussion drilling device at
an angle of 10 to 15 degrees down from the horizontal. Drainage from the soil is provided

with strip drains and the face of the excavation is protected with a shotcrete layer.

The purpose of soil nailing is to improve the stability of slopes or to support slopes and exca-

Atandial ol 1 S
otential 1aiure Pl¢

1 sl s L sl o
1 Naiir 1 101 XCavation Sup-

vations Uy int g

port is shown in Figure 41. There are two mechanisms involved in the stability of nailed soil

~ - m A

structures (Mitcheil and Christopher, 1990). Resisting tensiie forces are generated in the nails

in the active zone. These tensile forces must be transferred into the soil in the resisting zone

B .
E - E\ lg\ ___
TRTSTRRTRTAL

2.

EI D
Excavate cut Driii hoie, instaii instaii drains, Hepeat proce ess
1-Z m high nail and grout shotcrete face & to finai grade

bearing plates/nuts
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through friction or adhesion mobilized at the soil-nail interface. The second mechanism is the

development of passive resistance against the face of the nail.

Soil nailing works best in dense granular soil and stiff, low plasticity silty clay soils. In stiff
soils, the maximum facing displacement is about 0.3 percent. Current design procedures for

soil nailed walls are included in FHWA (1996b).
Prefabricated Vertical (PV) Drains, with or without surcharge fills

Prefabricated vertical (PV) drains, also known as wick drains, are typically installed in soft,
cohesive soil deposits to increase the rate of consolidation settlement and corresponding
strength gain. The rate of consolidation settlement is proportional to the square of the length
of the drainage path to the drain. Installing vertical drains shortens the drainage path, which
causes an increase in the rate of settlement. Geocomposites are widely used as drains because
they are relatively inexpensive, economical to install and have a high flow capacity. Geocom-
posite drains consist of a plastic waffle core which conveys the water and a geotextile filter to
protect the core from clogging. In selecting a drain, it is important to choose one with enough
capacity. Drains are typically spaced in a triangular or rectangular configuration. A sand
blanket is usually placed on the surface of the consolidating layer to facilitate drainage. For
additional information on engineering assessment and design of vertical drains, the 1986
FHWA publications titled Prefabricated Vertical Drains and Geocomposite Drains may be
consulted. A discussion of the updates in PV drains in the past ten years can be found in
ASCE (1997).

Surcharge preloading can be used in conjunction with vertical drains to increase the magnitude
of settlement prior to construction, as shown in Figure 41. Surcharge preloading consists of
placing a surcharge load over the footprint of the proposed facility prior to construction. The
surcharge load causes consolidation settlement to occur. It can be accomplished with sur-
charge fills, water in tanks and ponds, by lowering the groundwater table or by electroosmo-

sis.
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of the foundation soils. The drains were instalied prior to stone column construction. The
columns were installed using the dry, bottom-feed method, which presents concerns with re-

spect to disturbance or fracture of the foundation soils being treated, as well as the adjacent

foundation soils. During const

immediately below the dam from disturbance.

Electroosmosis
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Buttress

Fill \

Figure 42. Buttress fill at toe of embankment.

to the net negative charge of the clay particles, there are more mobile cations than anions, so
the net flow of pore water will be toward the cathode. If the cathode is a wellpoint, the water
collected at the cathode can be removed and the soil between the electrodes will consolidate.
Consolidation will be greatest at the anode and least near the cathode. No consolidation will
occur at the cathode itself. The process of electroosmosis will result in a lower moisture
content, lower compressibility and increased strength. There may be an additional increase in
strength and a decrease in plasticity due to electrochemical hardening, which occurs when the
application of a DC electric potential to a saturated clay causes electrode corrosion, ion ex-
change, and mineral alteration. Electroosmosis and electrochemical hardening are discussed
by Mitchell (1993).

Buttress Fills

A buttress fill may be used to improve the stability of a slope or increase the resistance to lig-
uefaction by adding weight to the system, as shown in Figure 42. For a slope, the buttress
adds weight which increases the resisting force and increases the length of the failure surface.
For ground susceptible to liquefaction, the buttress also serves to increase the confining pres-

sure, thereby increasing the resistance to liquefaction.
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Biotechnical Stabilization and Soil Bioengineering
Biotechnical stabilization and soil bioengineerino can be used to stabilize slones aoainet ara_
valvs QiiL OV UVIVNIIBMIVL AlIp VAL UV WOV WU OWQULLLY SiVp s Gegailiioy iU

sion and shallow slope failures. The biotechnical stabilization method consists of using live
structures, revetments and ground cover systems (ASCE, 1997) For example, plants can be
retaining walls. The vegetation and mechanical elements work together as an integrated sys-

tem to provide erosion protection or siope stabilization. Soil bioengineering is the use of live

plants alone to serve as soil r ment, hydraulic drains and barriers to earth movement.
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Figure 43. Biotechnical stabilization by brush layering (after Gray and Sotir, 1996).
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Table 3 - Potentially Applicable Ground Improvement Methods for Civil Works Structures

Purpose

Method

L

Increase resistance to liquefaction

Reduce movements
A A N A A A2 R B A ) IL\J

Vibrocompaction, vibrorod
Stone columns

Deep soil mixing
Penetration grouting

e Deep dynamic compaction e Jet grouting
¢ Explosive compaction o Compaction grouting
s Gravel drains ¢ Sand and gravel compaction piles
o Stabilize structures that have undergone e Compaction grouting e Jet grouting
differential settlement e _Penetration grouting e Mini-piles
e Increase resistance to cracking, e Compaction grouting e Jet grouting
deformation and/or differential settlement e Penetration grouting o Mini-piles
¢ Reduce immediate settlement e Vibrocompaction, vibrorod e Deep soil mixing
o Deep dynamic compaction e Jet grouting
e Explosive compaction ¢ Sand and gravel compaction piles
o Compaction grouting
e Reduce consolidation settlement e Precompression ¢ Stone columns
e Jet grouting e Deep soil mixing
e Compaction grouting e Electro-osmosis
e Increase rate of consolidation settlement e Vertical drains, with or without surcharge fills
e Sand and gravel compaction piles
o improve stability of siopes ¢ Buttress fills s Jet grouting
e Gravel drains e Deep soil mixing
e Penetration grouting ¢ Soil nailing
o Compaction grouting e Sand and gravei compaction piles
o Improve seepage barriers o Jet grouting e Penetration grouting
o Deep soil mixing Slurry trenches

Strengthen and/or seal interfaces between
embankments/abutments/foundations

Penetration grouting

Jet grouting

66 qod |
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Table 3 (cont.) - Potentially Applicable Ground Improvement Methods for Civil Works Structures

Purpose

Method

Seal leaking conduits and/or reduce piping
along conduits

Penetration grouting e Compaction grouting

Reduce leakage through joints or cracks

Penetration grouting

Increase erosion resistance

Roller compacted e Biotechnical stabilization
concrete

AArmiviiira ctalilioati~Aem
AU HAWUIC olaviliLalivil

Stabilize dispersive clays e Add lime or cement during construction
o Protective filters
e For existing dams, add iime at upstream face to be conveyed into
the dam by flowing water
Stabilize expansive soils ¢ Lime treatment ¢ Soil replacement
e Cement treatment ¢ Keep water out
Stabilize collapsing soils o Prewetting/hydroblasting e Vibrocompaction
e Deep dynamic compaction e Grouting

S81-1-0L11 113
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Table 4 — Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- | Attainable Advantages Limitations Prior Ex-
Depth out & Spac- Improvement perience
ing
Deep Dy- Saturated sands | Upto 10 Square pattern, | D, =80 % Low cost, Limited effective | Extensive
namic Com- and silty sands; | m 2to 6 m spac- (N1)so1=0 ‘:% Simple depth, Clearance
g partly saturated ing Qc1 = 10- required, Vibra-
paction (DDC) sands MPa tions
Vibrocompac- | Sands, silty 30m Square or trian- | D, = 80+ % Proven effective- Special equip- Very ex-
tion, Vibrorod sands, gravelly gular pattern, (N1)eo = 25 -ness, Uniformity ment, Unsuitable | tensive
sands 1.5to3m Qo1 = 10-15 with depth in cobbles and
< 20% fines spacing MPa boulders
Stone Col- Soft, silty or 30m Square or trian- | (N4)s0 = 20 Proven effective- Special equip- Very ex-
umns (Vibro- clayey sands, gular pattern, Qet = 10-12 ness, Drainage, ment, Can't use | tensive
‘ silts, clayey silts 1.5to3m MPa Reinforcement, in soil with cob-
replacement) . .
center to center Uniformity with bles and boul-
column spacing depth, Bottom feed | ders
dry process puts fill
where needed
Sand and Canbeusedin |20m Square or trian- | Up to (N1)eo = Proven effective- Special equip- Very ex-
Gravel Com- rnost soil types gular pattern, 1 | 25-30, Q¢ = ness, Reinforce- ment, Slow, Ex- | tensive
paction Piles to 3 m centerto | 10-15 MPa, de- | ment, Drainage, pensive:
‘ center spacing | pending on soil | Uniformity with
type depth
Gravel Drains | Sands, silty 20m (?) Spacing se- Reduce pore Inexpensive, Does | May require very | Some ap-
_ sands lected to mini- pressure not require treat- close spacing, plications
mize excess buildup, Inter- ment of full area Settlement not for inter-
pore pressure cept pore pres- prevented ception of
ratio sure plumes pore pres-

sure plumes
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Table 4 (cont.) — Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- | Attainable Advantages Limitations Prior Ex-
Depth out & Spac- | Improvement perience
ing
Explosive Saturated Unlimited | Square ortrian- | D, =75 % Inexpensive, Sim- | Vibrations, Psy- | Extensive
Compaction sands, silty guiar pattern, 3 | (Ny)so = 20-25 pie technoiogy choiogicai barri- | use; no EQ
sands to 8 m spacing | Q¢ = 10-12 ers yet at im-
in developed MPa proved sites
areas, 8to 15 m
spacing in re-
mote areas, )
vertical spacing
varies with size
of charge
Buttress Fills | All soil types N/A N/A Site specific, Lower cost, Protec- | Space needed | Seismic ret-
(below and increases sta- | tion of existing em- | for above rofit of em-
above bility, Increased | bankments and ground but- bankment
s,” reduces lig- | large unimproved tresses, Lique- dams and
ground) uefaction po- sites faction settle- retention of
tential, Barriers ment in retained | liquefiable
against lateral areas sites
spreading
Deep Soil Most soil types | 20 m Select treatment | Depends on Positive ground Requires special | Excellent
Mixing pattern depend- | size, strength reinforcement, Grid | equipment, Brit- | performance
ing on applica- and configura- | pattern contains tle elements in 1995
tion tion of DSM liquefiabie soil, Kobe EQ

elements

High strength

Ssi-1-0t41 113
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Table 4 (cont.) - Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | Improvement perience
Prefabricated | Moderately to Up to 65 Square or trian- | Depends on Proven effective- Unsuitable if Very ex-
Vertical (PV) | highly com- m; over | gular pattem, final consolida- | ness, Low cost, obstructions tensive
Drains (Wick pressible soils; 20m spacing 1.5t0 6 | tion pressure Simple exist above
. clayey sands, depthre- [ m compressible
Drains) silts, clays and | quires layer
their mixtures crane to
install
Prewetting Collapsing soils | Essential-- | N/A When used | Low cost, Simple Usually not ef- Extensive
such as loess, ly unlirn- alone, can re- fective at shal-
debris flows ited, but duce settlement low depths,
not effec- due to existing Works best in
tive at overburden, combination
shallow When used with with dynamic
depths other methods, compaction,
can reduce set- preloading, or
tlement due to explosive com-
additional load paction
Replacement Al soils A few m N/A High density fills | Can design to de- Expensive, Very lim-
to cemented sired improvement | Might require ited
materials level temporary sup-
port of existing
structures
Admixture Cement ~ sands | A fewm N/A High density fills | Can design to de- Results depend | Extensive
Stabilization and silty sands to cemented sired improvement | on degree of
Lime - clays materials level mixing & com-
and clayey paction

sands

achieved in field
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Table 4 (cont.) — Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | Improvement perience
Roller Com- Sands and N/A N/A Cemented Can design steep Bonding between | More than
pacted Con- gravels, up to material slopes (0.7H:1V), lifts important, 25 new
crete 15% fines Can place using therefore, have to | dams > 50
conventional earth | place quickly, feet high in
moving equipment | keep lift surfaces | U.S. since
clean early
1980's
Biotechnical All soils Afewm Depends on Stabilize Cost effective, at- Keepin‘g vegeta- | Extensive
lipats application slopes, Prevent | tractive treatment tion alive until
Ste:jblsllz'a'\ téc.m erosion for shallow mass established, Diffi-
and Soll Blo- movement and cult to establish
engineering erosion, Environ- vegetation on -

mentally compati-
ble, Blends in with
natural surround-
ings, Can allow
native plants to
overtake treated
area by succession

slopes steeper
than 1.5H:1V,
Difficuit to quan-
tify reinforcement
contribution of
root systems

481-1-0L11 113
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Table 5 - Summary of Ground Improvement Methods for Remediation of Constrained and/or Developed Sites

Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | Improvement perience

Penetration Sands and Unlimited Triangular pat- Void filling and | No excess pore High cost, Fines | Extensive

Grouting coarser mate- tem, 1to2.5m | solidification pressure or lique- prevent use in
rials spacing faction, Can local- | many soils

ize treatrnent area

Compaction Any rapidly Unlimited Square or trian- | Up to D==80+% | Controllable treat- High cost, Post- | Limited

Grouting consolidating, gular pattern, 1 (N1)eo = 25 ment zone, Useful | treatment loss of
compressible to 4.5 m spac- Qo1 = 10-15 in soils with fines prestress
soil including ing, with 1.5t0 | MPa '
loose sands 2 m typical (Soil type de-

pendent)

Jet Grouting Any soil; more | Unlimited Depends on Solidification of | Controllable treat- | High cost Limited; to
difficult in application the ground - ment zone, Useful date, in U.S.
highly plastic depends on in soils with fines, most appli-
clays size, strength Slant drilling be- cations have

and configura- | neath structures been for
tion of jetted underpin-
elements ning

Explosive Sands, silty Unlimited Square or trian- | D, =75 % Inexpensive, Sim- | Vibrations, Psy- | Limited use

Compaction sands gular pattemn, 3 | (Ny)eo = 20-25 | ple technology, chological barri- | in U.S.

to 8 m spacing Qet = 10-12 Can localize treat- | ers, Settlernent
in developed MPa ment zone, Slant

areas, 8to15m
spacing in re-
mote areas,
vertical spacing
varies with size
of charge

drilling possible
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Table 5 (cont.) - Summary of Ground Improvement Methods for Remediation of Constrained and/or Developed

Sites
Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | improvement perience
Mini-Piles Any drillable Severalm | Depends on Transfers loads | Structural support | Expensive, Po- Deep foun-
soil beneath application through weak tential settlement | dations
existing soil around structure | have per-
structures formed well
Soil Nailing Any drillable Unlimited 1 grouted nail Stabilize cut Flexible system, Excavation or cut | Used
: soil, except per1to 5m° 1 | slopes and ex- | Cantolerate large | slope must re- mainly in
very soft clays driven nail per cavations movements, Highly | mian stable until | Europe
0.25 m? resistant to dy- nails are in- until re-
namic loading, Can | stalled, Difficult cently
instail with smaii, to construct reli-
mobile equipment, | able drainage
Reinforcement is systems, May
redundant, so weak | require under-
nail will not cause ground easement
catastrophic failure | on adjacent
property
Replacement | All soils Afewm N/A High density Can design to de- Expensive, Might | Very lim-
fills to ce- sired improvement | require tempo- ited
mented mate- level rary support of
riais existing struc-
tures
Roller Com- Sands and N/A N/A Cemented Can design steep Bonding between | As of 1993,
sacted Con- | gravels, upto material slopes (0.7H:1V), lifts important, 30 projects
::et e N 15% fines Can place using therefore, have have been
conventional to place quickly, modified
earthmoving keep lift surfaces | using RCC

eauinment
equipment
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Table 6 — Summary of Approximate Costs for Various Ground Improvement Methods

Method Relative Cost | Cost per m ($) Cost per m? Cost per m* Reference Comments
ground sur- treated
facelwall face | ground ($)
($
Deep Dynamic Low - 8t032. ~5 FHWA (1998)
Compaction
Vibrocompac- Low to moderate | No backfill (B/F) - - 1104 FHWA (1998) Plus mobilization of
tion, Vibrorod 15 $15,000/rig
Granular B/F - 25

Stone Columns | Moderate Starts at 45 to 60 - - FHWA (1998) Plus mobilization of
(Vibro- if suitable B/F $15,000/rig
replacement) readily available
Gravel Drains Moderate 11 to 22 - - Ledbetter (1985)
Explosive Com- | Low - - 2to 4 Adalier (1996)
paction
Compaction Low to moderate - 5to 50 FHWA (1998) Plus mobilization, pipe
Grouting installation costs

Moderate -- - 3to 30 Adalier (1996)

Particulate
Grouting
(Permeation)
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Table 6 (cont.) - Summary of Approximate Costs for Various Ground Improvement Methods

Method Relative Cost | Cost per m ($) Cost per m* Cost per m* Reference Comments
ground sur- treated
face/wall face | ground ($)
(%)
Chemical High - - 150 to 400 Hayward Baker | If > 700 m® will be
Grouting (1986) treated with sodium
: silicate grout, assume
(Permeation) $1 o5/m’ plus mobili-
zation ($10-50K) plus
installation of grout :
pipes ($65/m) (FHWA,
1998)
Jet Grouting High to very high | Seepage control: - - FHWA (1998) Columns approximately
30 to 200 1 m diameter; if head-
o room is limited, as-
Underpinning, sume high end of range
excavation sup-
port: 95 to 650
Soil Nailing Moderate to high - Permanent: 165 - FHWA (1998) Permanent cost de-
J to 775 pends on type of facing
Temporary: 160
to 400
Deep Soil Mixing | High to very high -- -- 100 to 150 FHWA (1998) Plus mobilization of
$100,000
Roller Com- -- - -- New construc- | Portland Ce-
cted Concrete tion: 25t0 75 | ment Associa-
pa , tion (1992,
Overtopping 1997)

protection: 65
to 130

S81-1-0L11 113
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Table 6 (cont.) - Summary of Approximate Costs for Various Ground Improvement Methods

Method

lelative Cost

Cost per m ($)

Cost per m?
ground sur-
facel/wall face

($)

Cost per m®
treated
ground ($)

Reference

Comments

Prefabricated

Vertical (PV)

Drains (Wick
Drains)

Low

Drains only Small
projects (3 -
10,000 LM): 2.25
to 4.00

Medium projects
(10,000 - 50,000
L.M): 1.60 to 2.50

L.arge projects
(> 50,000 LM):
1.20t0 2.00

FHWA (1998)

Plus mobilization of
$7,000 to $15,000

Also need to consider

costs of drainage blan-

ket, surcharge, ob-
structions or dense
soils, design, installa-
tion, and monitoring

Biotechnical
Stabilization

Depends on ap-
plication

Vegetated geo-
grid: 40 to 100

Live slope grat-
ing: 275 to 550
(of front face)

ASCE (1997)

Replacement

10 to 20

Hayward Baker
(1996)




CHAPTER 4
HOW IS GROUND IMPROVEMENT DESIGNED?

conditions will set other design criteria, such as the suitability of different ground improve-
ment methods and the required depth and areal extent of treatment. Collectively, these factors

will determine the level of improvement required to assure satisfactory performance. Site

a design consideration.
Design and Performance Requirements. Different structures will have different performance
requirements; for example, a linear structure like a bridge may have different displacement

limitations than a settiement-sensitive isolated building. In determining the level of improve-

ment required, the following questions should be considered:

1. Is the improvement for an existing facility or a proposed facility?
2. How much settlement is the structure able to tolerate under normal service conditions?

dam where failure could cause significant loss of life or property. A non-critical facil-

ity could be a warehouse, where significant damage would be inconvenient, but

critical or life-threatening.

~
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danger of erosion and piping?

5. How much resistance to liquefaction is needed? Should a “two-level” mitigation strat-
egy be used whereby sufficient remediation is proposed to: (1) avoid significant dam-
age and loss of servicéability under the design earthquake and (2) avoid catastrophic

failure, while allowing repairable damage, in the maximum credible earthquake

8]
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-
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Are there nearby buildings that are sensitive to vibrations?

&~ W

provement, e.g. for soil nailing or micro-piles?

Subsurface conditions. Answers to the following questions will aid in selecting suitable meth-

ods and determining the size and depth of the treatment zone:

i. What type of soil needs to be improved? What methods are appropriate for improving

it?

2. At what depth and how thick is the layer that needs to be treated? How far outsid
the footprint of the structure does the layer need to be treated?

3. Isthe layer saturated? At what depth is the ground water table?

4. Is there more than one layer that needs to be treated, such as a loose fill overlying a

soft clay layer? Is a different method needed for each layer that needs to b

(¢
o
-
»

can one method treat all the layers that need to be improved?

Scheduling. Construction scheduling can restrict the potentially applicable ground improve-
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Budget and availability of contractor. The selection of a ground improvement method wili
also depend on the construction budget and the funds available for improvement. If plenty of
free fiil is available, use of a buttress may be a cost effective improvement technique. At

m urban sites, the cost of more expensiv

small when compared to real estate costs. If a specialty contractor is located near the site,
=)
relatively small mobilization charge.

Design Procedures

1. Sele

(=%

2. Develop and evaluate remedial design concepts.
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4. Perform final design for one or more of the preliminary designs
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7. Develop specifications and QA/QC programs.

ods. A preliminary screening and evaluation of methods
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Develop and evaluate remedial design concepts. Preliminary designs can be developed for

each improvement method selected in the previous step. Tentative layouts and treatment
points for each method can be developed using Tables 3 and 4, and/or from propriety or em-

pirical guidelines and design programs offered by specialty contractors. The tentative size and

Y e L f L1t < Jh L T

location of the treatment zone can be established using empirical guidelines, which are dis-

cussed below in “Design Recommendations.” If the design includes retrofitting a structure,

structures, the analyses may be as simple as confirming that the factors of safety are adequate

structures. These analyses require information on the geometry and properties of the treat-
ment zone for each improvement method. Preliminary cost estimates can also be developed
using Table 5 to aid in selecting methods for further evaluation

Choose methods for further evaluation. The preliminary designs can be ared to deter-
mine which methods appear to be the best alternatives for the particular site. Further analysis
can be done for each of these options.

Develop tentative final designs for the selected preliminary designs. Detailed design and cost

1

estimates are developed for one or more of the selected preliminary designs. The locati

size, shape and required properties of treatment zones or foundation improvements are de-

termined. This stage includes determining locations and depths of treatment and d

construction details for the foundation improvements. Methods for evaluating the post-

treatment results in the field are developed. Analyses are performed
be

confirm that the anticipated performance of the facility will be satisfactory.
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Compare final designs and select the best one. The final design plans and cost estimates are

analyzed to determine the best scheme for improving the site or facility. The final selection is
based both on cost and on the expected performance of the facility after improvement, con-
structability, the time available for construction, and the availability of contractors to perform

the work.

Field testing for design verification and development of construction procedures. For most

projects, a field testing program should be developed and executed to verify that the required
improvement can be obtained using the proposed method. The design can be adjusted during
this phase to optimize the spacing of the treatment locations so the required improvement can

be obtained in an efficient manner.

Develop specifications and QA/QC programs. Construction specifications and QA/QC pro-

grams will be required for the design that will be implemented. The specifications can be ei-
ther procedural or end result, however, the QA/QC program should be consistent with the
type of construction specifications. These issues are discussed in more detail in the following

chapter.
Design Issues

There are certain design problems that are specific to certain ground improvement methods,
while others are general and apply to most methods. In general, ground improvement designs
are based on empirical guidelines rather than rigorous design procedures. Some methods are
proprietary and can only be designed and implemented by specialty contractors. Most require
extensive field testing programs before the design can be finalized. Some are still being devel-
oped, so it may sometimes be difficult to write unambiguous and enforceable specifications

and QA/QC programs.

Some of the design problems specific to different methods or applications are summarized

below.
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need to be monitored carefuiiy. The drain capacity could be the limiting factor in cases where

PV drains are designed for sites where there are deep compressible layers with surcharge

loading. Before using PV drains below a depth of 45 m, a specialist shouid be consuited. PV
d fc

action risk in a few cases, however
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r mitigation of lique
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search has been performed to quantify the extent of improvement that can be obtained in this

application.
Qail Nailing: Thare Loces Loo 3o fotanaiag fn tha dag Had walle
Soil Nailing: There have been inconsistencies in the design methods for soil nailed walls

(Xanthakos et al., 1994). It is recommended that the Manual for Design and Construction
Monitoring of Soil Nail Walls (FHWA, 1996b) be used, as it synthesizes current design and
construction methods into a comprehensive and consistent guideline procedure. Worked de-

sign examples are included in the manual. A companion manual for construction monitoring is

i.e. intertwined (Xanthakos et al., 1994). This positive group effect is not routinely exploited

in design. However, there is also no reduction to account for a group effect as is done in con-

ventional pile design.
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the completed stone column (Boulanger et al., 1998). It is also difficult to measure the per-
meability properties of stone columns in the field
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Seismic applications: When designing ground improvement to reduce the risk of liquefaction

to acceptable levels. In order to limit deformations, it is first necessary to have adequate

ground strength to resist overall failure of the ground and structure
Thara ara miisrarniig fontnea s37hink teaflitanman tha atahilitey aend Aafrcmmmntinm AL fmnmencrad Son. o
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zones and structures during and after an earthquake, as described by Mitchell et al. (1998).

The size, location and type of treated zone influences the behavior of the improved ground

and the supported structure. Migration of pore pressure from an untreated zone into an im-

causing a complex soil-structure interaction problem. In cases where improved ground is lo-
cated in sloping areas, there may be additional forces imposed on the improved ground zone if

sl i mescrmemcaon S an ~ mtammcncemcsmad mwmccand ccomnAd A~ an b I ameanAie~ Qacen Af thhnaca fanmtmen ~nom
LIC SUllounUllg UIlimpl €a gIUUIlU UllUClsUCb ld Clal Spitadliily. OUIIC UL LT 1aLlUld Laill
be incorporated into plex analytical models, but most of them have not been incorporated

into simplified methods of analyses.

Design Recommendations

loaded structures. For lightly-loaded structures, it may not be necessary to treat the entire
liquefiable layer, however, design procedures for an improved “crust” over liquefiable soils are

not well established. For free-field conditions or lightly-loaded stru
presents correlations between the minimum thickness of a non-liquefiable surface layer, the
maximum thickness of an underlying liquefiabie iayer and surface manifestations of liquefac-
jected to maximum accelerations of about 0.2g, liquefac-

1. SEV wh 1 1 SubDi I amum a 1 s
J =2 het =4

tion damage was observed when the crust thickness was less than 3 m. For sites where the

co
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tible to lateral spreading or ground oscillation. Naesgaard et al. (1998) developed a simplified

proced‘ure for déte‘“nn‘iﬁiﬁg the response o f a foundation placed on an existing cohesive crust if

For “conventional” ground improvement applications, the depth of treatment should extend
either to the depth of influence of the structure or to the bottom o layer requiring im-
provement. The approximate 2:1 load spread method can be used for a first estimate of the

and an average pressure of q, can be calculated by the following equation:
. gLB
Aoz =
(] + 2R+ 7)
\‘_l L ‘I\‘I L ﬂl

If more accuracy is needed, a Boussinesq or Westergaard analysis can be used.

Areal extent of treatment: For lique action protection, the treatment zone should zenerallv

extend outside the perimeter of the structure at least a distance equal to the thickness of the

this recommendation are discussed in Chapter 6. For “conventional” applications, the treat-

D
g

the treated layer. This guideline accounts for the stress increase beneath a foundation based

on the approximate 2:1 load spread method.
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Seismic remediation: Liquefaction potential assessment curves (Seed et al., 1934, NCEER,

provement by densification in seismic areas. The

e 1905 H oco-ken Nambh (Knhe) ea_rthq
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shown in Figure 44. The liquefaction-no liquefaction boundary curve shown is the consensus
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post-treatment SPT (N))s0.s Values, respectively. The percentage of fines, 1
on Figure 44 for each facility. If the percentage of fines was not known, the

(
t part, the liqucﬁable layers were improved from the
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“liquefaction” (left) to the “no liquefaction” (right) side of the liquefaction potential curve.
With the exception of the Kobe Port ls!and Warehouse, little or no deformation was reported

““““““ levels of shaki g. For design using tne liqucla tion putenti'
curve, the CSR and the percentage of fines, the minimum required (Ni)soes can be determined

throughout the potentially liquefiable layer.
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Figure 44. Effect of ground improvement on liquefaction potential for sites that were
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CHAPTER 5
WHAT ARE QA/QC REQUIREMENTS FOR IMPROVED GROUND?

important aspect of ground improvement. Quality assurance and quality control consist of
£

two phases: observation during construction and geotechnical verification testing after con-
struction is completed. During construction, observations should be made and recorded at

each improvement location, including ground surface movements, the volume of backfill ma-

terial used, grout take, and the amount of energy or pressure expended. After construction,

in-situ methods such as SPT, CPT and/or shear wave velocity testing can be performed to

verify that the level of imnrovement required is achieved. Laboratory testing can also be used
lu] VALY VilW LW Y Wi VA llllvl\lvvlllvlll’ lv\lwll WS AT WRAAW Y WNe. habd R o i I B 4l te)

to evaluate some types of improvement.
Construction Observations

Construction observations provide an initial indication of the effectiveness of the method.

While they cannot be used as the sole indicator that ground improvement has been successful,

they give a general idea of where the treatment has succeeded or failed. In-situ testing can

then be performed in areas where the observations indicate the minimum degree of improve-
ment achieved. Such selective testing will give conservative results regarding the overall level

of improvement achieved.

Different types of ground improvement require different types of construction observations

and sampling. Some of the necessary observations for different methods ar

=3

Admixture-Stabilized Soils. During stabilization of soils with admixtures, the most importan

observations are the amount of admixture and water mixed into the soil, the amount of mixing

performed, and the amount of compactive effort used on the fill. The moisture content and

o0
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density of the fill can be determined in the field. The curing time and conditions should also

be recorded. Samples should be taken for laboratory testing.

Roller Compacted Concrete. One of the most important factors in satisfactory performance of

midity. If lifts are not placed continuously, “coid joints” consisting of bedding concrete may
be required. The time between mixing and placement of the RCC, as well as the time between
piacement of successive iifts shouid be recorded. In addition, the weather conditions, iift
thickness, degree of compactive effort placed on the RCC, wet density and water content of
the RCC, and iocation of coid joints shouid be observed and noted. The lift surface and haui
road should be kept clean to prevent the inclusion of soil and other debris in the RCC. Sam-

ples should be taken for laboratory testing.

Deep Dynamic Compaction. Observations during deep dynamic compaction include the
height of the drop, the location of the drop points, the number of drops at each location, and
the crater depth for each drop. The type of backfill and degree of compactive effort used in

fill added, the average change in relative density in the improved zone can be calculated. If
m

necessary, vibrations shot

a AV NS

Vibro Methods. For vibro

=

ethods, it is important to record the location of the treatment

5

e L1

points, the volume and depth distribution of material used to backfill the probe holes, and the

vibroflot energy and time spent densifying the backfill at each location and depth. The settle-

111 .

ment of the ground surface should be monitored. These observations gi

rm o cmsmaral Tmdiantinn
Ve a general inaication

of the overall effectiveness of the treatment and the level of densification achieved. As with
DDC, the average change in relative density can be calculated based on surface settlement and

the amount of backfill added.
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be noted. If water erupts from the boreholes after blasting, it should be noted. If necessary,

‘UQ
=

vibrations should be measured in nearby structures.

g)

Penetration and Compaction outing. For groutmg, the followmg observations should be

Jet Grouting. Most jet grouting projects require test sections prior to construction to deter-
mine the geometry and quality of treated material that can be obtained. During construction,
it is important to note if the grouting parameters and materials are consistent with the ap-

discussed in Chapter 3, the ability to erode the soil with the jets is an

important factor in successful jet grouting. There should be a continuous flow of spoils to the

ameteme~ A QMTY 100
methods for assessmg the geometry are excavation or cori g (AdLE, 1YY

ples should be taken for strength and permeability testing. If piezometers are installed for

uring construction, the material quantities

ed in construction should be compared to the design quantities. If the material quantities
ticad ara miioh lace than dacion anantitiae it ic nngaihla that tha orannd hace “caueazed” into
oCU alv i1iiuvil 100> Lllalil Ucbls 1 qua ILILICD, I 10 PUDSSIVIL lal Uiy pluuliu iiaoc Y UL ey

the hole and the pile or wall integrity could be compromised. In addition, the lengths of the

0
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and difficulty, as well as the type and quantity of spoils should be observed for each eiement.

PV Drains. Prior to installation of the PV drains, a gravel drainage blanket is typically placed.
h

recorded

Biotechnical Stabilization and Soil Bioengineering. The USDA Soil Conservation Service has
a chapter in its Engineering Fieldbook (USDA, 1992) that discusses the use of biotechnical
stabilization and soil engineering for slope protection and erosion control. The chapter con-
tains guidelines and directions for use of biotechnical stabilization. Field observations for
planting should include the type and quantity of seed or vegetation being planted, the location
of the materials being pi“ted, and soil, watering and weather conditions. For structural ele-

&

ments, the location and type of elements should be recorded, as well as fill placement and

compaction procedures behind the structurai eiements.

Verification Testing

General. The most common methods used for in-situ verification of ground improvement are
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shear testing. The tests are usually performed midway between treatment locati
mine the properties at the locations that are expected to have the smallest degree of improve-

determining post-treatment properties, it is preferabie to use the same test that

en
was used to determine pre-treatment properties. On some proj

the lack of comprehensive

data on pre-treatment conditions has made it difficult to evaluate the properties of the treated
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ground. It is also important to consider the time after treatment at which the tests will be

performed, since properties of improved ground often continue to show an increase over time.

Shear wave velocity testing can be used to verify the overall improvement obtained from
compaction grouting or vibro methods; ﬁowever, the results can be difficult to interpret due to
the heterogeneity of the improved ground. Load testing can be used to verify the capacity of
stone columns and axially- or laterally-loaded micro-piles. Inclinometers or movement gauges
can be used to monitor the performance of reticulated micro-pile installations or soil nailed
walls. Coring and excavation are the best techniques for verification of the geometry and

quality of jet grouting and deep soil mixing construction.

Liquefaction Resistance. The properties of the improved ground can be compared with stan-

dard liquefaction potential curves (Figure 44) to assess if the degree of improvement achieved
is satisfactory. As discussed in Chapters 4 and 6, use of SPT (Nj)socs Values obtained in im-
proved ground in conjunction with liquefaction potential curves was generally successful in
predicting the performance of improved sites subjected to the 1989 Loma Prieta and 1995
Kobe earthquakes. |

The use of shear wave velocity testing to verify ground improvement for mitigation of lique-
faction risk is becoming more common. While the available data from liquefaction sites is
somewhat limited at this time, shear wave velocity testing offers advantages in that it can be
performed in soils where it is difficult to perform CPT and SPT testing and there are several
techniques available for measurement. The most recent correlations between shear wave ve-
locity and cyclic stress ratio causing liquefaction presented in Andrus and Stokoe (1997) in
NCEER (1997) appear to give reliable results. As these correlations have not been tested as
extensively as the CPT and SPT correlations, they should be used with caution or be used as a

secondary method supporting results obtained using the CPT or SPT.

Hydraulic conductivity. Ground improvement methods are used both for increasing the

overall permeability of a soil layer (e.g., gravel drains for liquefiable layers) and decreasing the
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permeability of a layer (e.g., seepage cutoff). In both cases, the permeability needs to be

evaluated to determine the overall effectiveness of the treatment method.

Pump tests can be used to measure the resultant permeability when jet or penetration grouting
is used for seepage control applications. For jet grouting, pump tests using cast-in-place pie-
zometers are preferred because they are non-destructive and have shown reasonable correla-
tions with measurements from wet grab samples (ASCE, 1997). Results from Packer testing
have not correlated well with results from wet grab samples. Permeability values determined
using cores taken from cemented materials are usually too high owing to the stress release and

micro-cracking that accompanies the sampling process.

Pump tests are not recommended to determine the permeability of stone columns for mitiga-
tion of liquefaction risk (ASCE, 1997). According to a study conducted by Baez and Martin
(1995), field pump tests resulted in permeability values up to two orders of magnitude lower
than obtained from empirical correlations and laboratory tests performed on extracted sam-
ples. This result could possibly be due to the large difference in permeabilities between the
native material and the stone columns and the small column diameter (Baez and Martin,
1995). Therefore, the preferred method is to perform laboratory tests on extracted samples.

Empirical correlations can aiso be used.
Laboratory Testing

Laboratory testing can be used to evaluate the density, strength and stiffness properties of im-
proved soils, especially when admixtures or grouts are used. Grab samples of the stabilized
soil can be obtained during construction, cured in the laboratory and tested to give an overall
indication of the effectiveness of the treatment. The unconfined compressive strength is a
good indicator of properties in admixture-stabilized soils. For example, lime stabilization can
be considered satisfactory if the compressive strength increases at least 50 psi after curing 28

days at 73 F. If the soil is reactive and this strength increase is obtained, good results can be

O
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expected with respect to other property values. Strength increases greater than this can be

Nel
wn



WHAT HAS BEEN THE PERFORMANCE OF IMPROVED GROUND?

Many of the ground improvement methods discussed in this manual have been used for many
years in “conventional” applications such as improving the bearing capacity, slope stabiliza-
tion, increasing the rate of consolidation settlement and improving seepage barriers. Experi-

ence over the past several decades has shown that the required performance in most conven-
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The use of ground improvement for mitigation o
untested. Therefore, the of this chapter is on the performance of improved ground sub-

jected to strong ground motions induced by earthquakes.

While various ground improvement methods have been used at many sites to reduce the set-

very few of these sites have actually been

subjected to strong ground motions. Mitchell et al. (1995) compiled information from more
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from occurring and reduce the amount of settlement and lateral displacement that can occur if

liquefaction does occur.

The 32 cases studied were located in California and Japan. The California sites were sub-
jected to the 1989 Loma Prieta or the 1994 Northridge earthquake. The Japanese earth-
quakes included the 1964 Niigata earthquake and the 1995 Hyogoken Nambu (Kobe) earth-
quake, as well as three lesser known earthquakes (1968 Tokachi-Oki, the 1978 Miyagi-Ken-
Oki, the 1993 Kushiro-Oki, and the 1994 Hokkaido-Toho-Oki earthquakes). The magnitudes
of these earthquakes ranged from about 6.9 to 8.3. The local ground surface accelerations at
the individual sites ranged from as low as 0.1g to as high as 1.0g. Detailed information on the
1995 Hyogoken-Nambu (Kobe) earthquake is presented in two special issues of Soils and
Foundations (Japanese Geotechnical Society, January 1996 and September 1998).

The types of soil that were improved consisted primarily of loose to medium-dense sands and
sandy silts, many of which were hydraulic sand fills. Prior to treatment, the average (Ni)so
values for the layers requiring treatment ranged from 4 to 23 blows per foot. In most cases,
the relative densities after ground improvement were greater than 75 percent, with post-

treatment (N )so values ranging from about 25 to 30 blows per foot.

Types of ground improvement used included vibrocompaction methods, compaction piles,
vibroreplacement stone columns, deep dynamic compaction, gravel drains, compaction
- .grouting and chemical grouting. The predominant method of improvement was vibrocom-
paction by either vibroflotation or vibrorod. ~Also included in this study were cases where
structures were founded on mix-in-place soil-cement columns instead of conventional deep
foundations or improved ground. Use of deep soil mixing for structural support and for miti-

gation of liquefaction risk are relatively new technologies in the United States.
In studying the 32 case histories, Mitchell et al. (1995) found that in general, improved ground

experiences much less settlement and lateral displacement than untreated ground. When

founded on improved ground, structures and facilities are much less likely to be damaged than
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ground and facilities built upon it were not damaged due to shaking during the Loma Prieta
earthquake, but adjacent untreated ground experienced severe cracking and/or settiement due
to liquefaction. It is important to note that most of these sites experienced ground accelera-
tions and durations of shaking that wer -' less than the design
during the design event was not tested. However, at one site subjected to ground accelera-
tions higher than the design acceleration, no damage was observed. At some improved
ground sites in Japan, liquefaction and associated settiement and lateral displacement did oc-
cur; however, the deformations were significantly less than the deformations experienced at
similar sites where the ground was not treated. Facilities at the treated ground sites experi-

e
enced significantly less damage than similar facilities on untreated ground.

Mitchell et al. (1995) also noted three sites where the lateral extent of treatment outside the
perimeter of structures was less than the recommended distance equal to the depth of treat-

ment. As these locations, site constraints prevented this width of treatment. Damage was ob-

provement measures or deep foundations may cause improvements to the fill itself through
densification and prestressing. At several sites in Japan, preloading and sand drains were used
for precompression of a soft clay layer overiain by 12 to 20 m of ioose hydraulic fill. The

process of sand drain installation was found to increase the SPT resistance of the hydraulic fill

alone, and sand drains plus preloading were increasingly effective in reducing the earthquake-

induced settlements (Mitchell et al., 1995).

or miti
or t1

mitigation of liquefaction risk generally pe

well when subjected to earthquake shaking. Mitchell et al. (1995) report on several cases in



ETL 1110-1-185
iFeb 39
100 35
90 -
O Portisland \ Mean Values
80 - ® Rokko Island /
n F—— Range of Measured Values
v
_ - 25 No. of Measurements
§ 60- , 13
- I
c on T
E oU - d I
3 21
E‘J 40 I + [ 24
[72) | o
an 0]
1Y) l 11
20 I e |
- * ¢ cL
i0
e 2 2
0 | 1 1 1 @ l'
No Preloading Sand drains Sand drains Vibro-Rod Sand
Compactiori aione alons pius preioading compaction compaction
plles
Figure 45. Measured settlements at improved sites due to the 1995 Hyogo-ken Nambu

(Kobe) earthquake (after Yasuda et al., 1996).

Japan where gravel drains were used alone or in combination with other improvement tech-
niques. It is not clear if the improvement from gravei drains resulted fr
cess pore pressure or densification of the surrounding ground during installation. Hayden and
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When sites are improved to the “no liquefaction” side of iiquefaction potential curves, the ef-

fect: At five sites in California and Japan subjected
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